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ABSTRACT 
The results of a program to develop an improved radiation resist- 
ant solar cell by the incorporation of an electric field are described. 
Included are the results of a theoretical computer evaluation, drift 
field fabrication experiments, and radiation damage data. 
A significant correlation was observed between the theoretical 
considerations and experimental results, which showed that the optimum 
drift field thickness lies between 50 and 100 microns. Recommendations 
for future work are included in the final report. 
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1. INTRODUCTION 
The objective of this contract was the development of an improved 
radiation resistant, drift field solar cell which would be capable of 
good performance after prolonged exposure to space radiation environ- 
ments. It was decided in consultation with the technical monitor for 
this contract at Goddard Space Flight Center to have as a design goal, 
an n-on-p type drift field cell with the following characteristics 
after 5 years in an orbit equivalent to that of OGO or OSO: 
Cover glass thickness 0.060 inch 
1 Mev electron, equivalent flux 2 x 10 particles/cm 
Average diffusion length of minority 25 x cm 
Average lifetime of minority carriers 3 x seconds 
Drift field voltage 0 . 3  to 0 .36  volt 
Drift field region thickness 40 to 5 0  x cm 
Average field strength 75 to 90 volts/cm 
Ratio of short circuit current after Sunlight 0.9 
5 years to initial short circuit Tungsten 0.85 
current 
1 5  2 
carriers 
Comparative ratio of short circuit 0.78 
current after 5 years t o  initial 
short circuit current of n-on-p 
zero drift field cell 
It was initially proposed to investigate fabrication procedures 
of forming drift field structures using three different approaches: 
1. Aluminum alloy diffused approach 
2. Front epitaxial approach 
3 .  Reverse epitaxial approach 
The program was essentially divided into three phases. Work dur- 
ing Phase I of the contract included fabrication of prototype samples, 
using all three approaches. The aluminum alloy-diffused method was 
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found to possess several inherent difficulties and the solutions were 
deemed to be beyond the scope of the contract, although several cells 
employing this technique were submitted. The front epitaxial approach, 
which primarily evidenced some promise, later proved to be incompatible 
with the epitaxial system and procedures being used. A s  a result the 
reverse epitaxial approach was undertaken and cells were fabricated 
that showed good I-V characteristics. 
Work performed during Phase I1 of the contract included: 
1. Fabrication of larger quantities of drift field cells using 
the reverse epitaxial approach 
2. Measurement of the I-V characteristics in sunlight and tung- 
sten of all such cells 
3 .  Measurement of the spectral response of representative cells 
from each pilot production lot 
Phase I11 consisted primarily of  submission of sample cells to 
the contract monitor for particle irradiation and analysis of the radi- 
ation damage data as made available by the contract monitor. 
The scope and purpose of this report is an exhaustive summary of 
the work performed during all three phases of the contract. Included 
are the results of a computer solution of the solar cell continuity 
equation, performed with the cooperation of the ,contract monitor. 
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2 .  THEORETICAL CONSIDERATIONS 
2.1 Method of Solu t ion  of Solar  C e l l  Cont inui ty  Equat ion 
To ga in  i n s i g h t  i n t o  the problem of t h e  optimum d r i f t  f i e l d  
th i ckness  r equ i r ed  t o  render  so l a r  c e l l s  more r a d i a t i o n  r e s i s t a n t  f o r  
use i n  nea r -ea r th  o r b i t  missions,  i t  w a s  decided t o  a t tempt  a s o l u t i o n  
of t h e  s o l a r  c e l l  c o n t i n u i t y  equat ion.  This equa t ion ,  expressed as: 
3 
where 
n = excess  c a r r i e r  concent ra t ion  
~1 = mobi l i ty  of carriers i n  base  r eg ion  
E =  
D =  
x =  
7 =  
N =  
C Y =  
h =  
'G - 
- 
d r i f t  f i e l d  
d i f f u s i o n  cons t an t  of c a r r i e r s  
d i s t a n c e  from p-n junc t ion  
minori ty  l i f e t i m e  of carriers 
number of photons 
abso rp t ion  c o e f f i c i e n t  of t h e  material  
wave 1 en g t h 
wavelength corresponding t o  the  energy gap of t h e  material 
w a s  f i r s t  considered by Kleinman (Ref.  1). 
t i o n  w a s  e f f e c t e d  by Cheslow and Kaye (Ref. 2 ) ,  who assumed E ,  p,, and D 
t o  b e  independent of x, gaining a f a i r  p re l iminary  i n s i g h t  i n t o  d r i f t  
f i e l d  behavior .  
d r i f t  f i e l d  c e l l s  would be more r a d i a t i o n  r e s i s t a n t  t han  convent iona l  
A p a r t i a l  computer eva lua-  
Wolf ( R e f .  3)  has  shown t h e o r e t i c a l l y  t h a t  m u l t i l a y e r  
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c e l l s  by obta in ing  a q u a s i - a n a l y t i c a l  s o l u t i o n  t o  t h e  e q u a t i o n ,  
assuming E ,  p ,  and D t o  b e  cons tan t  i n  x and s i m p l i f y i n g  t h e  f o r c i n g  
i n t e g r a l  t o  be dependent on x a lone .  
Because of t h e  complicated n a t u r e  of t h e  f o r c i n g  t e r m  con- 
t a i n i n g  x under t h e  i n t e g r a l ,  a pure ly  a n a l y t i c a l  s o l u t i o n  t o  Eq. 1 
i s  nonexis ten t .  A s  a r e s u l t ,  i t  w a s  decided t o  abandon t h e  use of an 
a n a l y t i c a l  approach, and s u b s t i t u t e  i n s t e a d  t h e  technique of numerical  
s o l u t i o n  by success ive  approximation u s i n g  t h e  computer f a c i l i t y  a t  
Goddard Space F l i g h t  Center .  
Equation 1 w a s  modified t o  y i e l d  
2 
dx 
kT d n  - (C1 + PX) -
W 
W 2 - Q  q 
upon s u b s t i t u t i o n  of t h e  fo l lowing  i d e n t i t i e s ,  assuming a l i n e a r  
dependence on x of p, E ,  and T i n  t h e  p-type base  r e g i o n :  
2 -1 -1 ,p = C + Px, m o b i l i t y  of e l e c t r o n s  i n  c m  s e c  v o l t  1 
-1 -1 AL = P i n  crn sec v o l t  dx 
kT D = p(-) = (C1 + Fk) d i f f u s i o n  c o n s t a n t  of e l e c t r o n s  
2 -1 4 q by E i n s t e i n  r e l a t i o n  i n  cm sec 
kT -1 - -  dD - P(-) i n  cm sec 
dx q 
0 . 6 ~  -1 E =  - O S 6  - -= f i e l d  i n  v o l t s  c m  where w i s  t h e  boundary W 2 
W between t h e  a c t i v e  ( d r i f t - f i e l d )  and p a s s i v e  
r e  g i ons 
-2 - -  - -  dE O m 6  i n  v o l t s  c m  
dx w 2 
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. The v a l i d i t y  of t hese  l i n e a r  r e l a t i o n s h i p s  c a n  b e - s h a m  upon 
cons ide ra t ion  of t h e  p re sen t  technique of forming d r i f t  f i e l d  s t r u c -  
t u r e s  by d i f f u s i o n .  The back of t h e  a c t i v e  r eg ion  has  a h igh  concen- 
2 1  -3 
t r a t i o n  of i m p u r i t i e s ,  approaching 10 cm , with  an e r f c  d i s t r i b u t i o n  
decrease  toward t h e  f r o n t  nearer  t h e  p-n junc t ion .  
shape of t h e  e r f c  curve  presupposes a ze ro  va lue  f i e l d  a t  t h e  back and 
inc reas ing  toward t h e  f r o n t .  
2 
i n  t he  l o w  r e s i s t i v i t y  ma te r i a l  a t  t h e  back, approximately 40 cm 
v o l t  sec  , a l s o  i n c r e a s e s ,  t o  a va lue  of approximately 1400 cm 
v o l t  sec  i n  t h e  25 ohm-cm material a t  t h e  f r o n t  (Refs.  2 and 4). 
Although n e i t h e r  of t h e s e  q u a n t i t i e s  i s  a l i n e a r  f u n c t i o n ,  assuming 
them t o  be  l i n e a r  i n  x i n  t h e  a c t i v e  p o r t i o n  of t h e  c e l l  i s  a v a l i d  
f ir s t approximation. 
The e s s e n t i a l  
The e l e c t r o n  mob i l i t y  e s s e n t i a l l y  l o w  
-1 -1 2 
-1 -1 
The two boundary condi t ions  necessary  f o r  s o l u t i o n  of Eq. 1 
can be determined by: 
1. Consider ing t h e  dep le t ion  reg ion  a t  t h e  j u n c t i o n  t o  be an 
i n f i n i t e  sink f o r  excess c a r r i e r s ,  so t h a t  
2. Consider ing t h e  equat ion governing t h e  pas s ive  l a y e r  toward 
t h e  back of t h e  c e l l  a s :  
2 d n  n - - -  = 0 
2 D - r  dx 
which assumes p t o  be cons t an t ,  E t o  be z e r o ,  and t h e  f o r c i n g  term 
dh 
hG 
-,1 0 
N(h)a (h)e 
t o  be  n e g l i g i b l e .  The so lu t ion  t o  Eq. 4 is:  
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2 
A e  -x’L + where L = DT 
5 
(5) 
Since n (a) = 0 ,  B = 0 .  Solving f o r  A and t a k i n g  t h e  f i r s t  
d e r i v a t i v e  y i e l d s :  
dx 
dnO f o r  E q .  4 ,  by d e f i n i t i o n  Since f o r  E q .  1 i s  i d e n t i c a l  t o  
f o r  p re se rva t ion  of c o n t i n u i t y ,  t h e  secondary boundary c o n d i t i o n  i s  
e s t a b l i s h e d  . 
dx dx 
The cons t an t s  A and B i n  any r e s u l t i n g  s o l u t i o n  of E q .  1 
can be determined from t h e s e  cond i t ions .  The g e n e r a l  s o l u t i o n  t o  Eq. 1 
can be expressed i n  the form: 
and t h e  so lu t ion  f o r  Eq . 4 a s  
Since 
n (x .1  = 0 ,  
J 
By s u b s t i t u t i n g  E q s .  7 and 8 i n t o  the  two cond i t ions  f o r  p r e s e r v a t i o n  
of con t inu i ty  of x = w ,  namely: 
and 
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( l o b )  
w e  ob ta in :  
and 
A1fl'(w) + B1f2'(w) + f 3 '(w) = A2f4'(w) ( 1 l b )  
A can be solved ou t  i n  Eqs. l l a  and l l b  by equa t ing  and by r ea r r ange -  
ment of t e r m s ,  t h i s  y i e l d s  
2 
t h i s  equa t ion  p l u s  a rearranged form of Eq. 9:  
be ing  two l i n e a r  equat ions  of two unknowns which can be  so lved  by 
de terminants  y i e l d i n g :  
r - I '3 : :,I 
1 and B 
r I, r 1, I 
t h e  numbered b r a c k e t s  corresponding t o  the  numbered b r a c k e t s  i n  Eq. 12a. 
For d i g i t a l  s o l u t i o n  by computer , t h e  fo l lowing  v a l u e s  were 
u t i l i z e d  : 
1. For t h e  gauss ian  quadratu.re e v a l u a t i o n  of  t h e  f o r c i n g  
i n t e g r a  1 : 
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N 
0.33R -1 -2 -1 -1 
h ( i n  p,) ( i n  p,) a ( i n  cm ) ( i n  cm s e c  
1. 
2 .  
3 .  
4 .  
5 .  
6 .  
7 .  
8 .  
9 .  
10. 
0.429 
0.465 
0.526 
0.607 
0.701 
0.799 
0.593 
0.974 
1.035 
1.071 
2.20 x 
4.92 x 
7.23 x 
8.88 x 
9.77 x 
9.77 x 
8.88 x 
7.23 x lom2  
4.92 x 
2.20 x 
4 
4 
3 
3 
3 
3.7 x 10 
2 .0  x 10 
9.0 x 10 
4 . 3  x 10 
2.2 x 10 
1.03 x 10 
2 
4.5 x 10 
1.56 x 10 
3 
2 
42 .O 
1 7  .O 
1 7  
3.9 x 10 
1 7  
5 .0  x 10 
1 7  
5.2 x 10 
1 7  
5.4 x 10 . 
1 7  
5 .0  x 10 
1 7  4 .5  x 10 
1 7  
4 . 1  x 10 
1 7  
3.7 x 10 
1 7  
3.5 x 10 
1 7  
3.5 x 10 
0 
2 .  For  t he  cons t an t s  a t  300 K: 
kT 2 -1 -1 - = 0,026,  2 = 38.5,  C1 = 1500 cm s e c  v o l t  , 
9 
3.  For  t h e  v a r i a b l e s :  
25p wide d r i f t  f i e l d  
w = 2.5 x 10 cm 
P = - 5.8 x 10 cm sec  
-5 
T = 10 secs  
-3 
5 -1 
-5 
a t x = x  = 5 x 1 0  cm 
j 
-3  
a t  x = w = 2.5 x 10 cm 
1 -6 = 3 x 10 secs  = 10 secs  = 3 x 10 secs  -6  -7 
-6 
7 = 10 secs  
= 3 x 10 secs  
-7  
= 10 secs  
= 3 x 10 secs  
-7  
-8 
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5% wide d r i f t  f ie ld  
-3 w = 5 x 1 0  cm 
p = -2.9 x lo5 cm sec 
-5 
T = 10 secs 
-1 
I -6  = 3 x 10 secs = 10 secs = 3 x 10 secs -6 - 7  
-6 
7 = 10 secs 
-7 
= 10 secs SecS I -7  
-a 
= 3 x 10 secs J 
60p wide d r i f t  field 
-3 w = 6 x 1 0  cm 
P = -2.4 x 10 cm sec 
-5 
7 = 10 secs 
5 -1 
-6 
= 3 x 10 secs 
= 10 secs -6 
-7  = 3 x 10 secs J 
= secs \ I -7  = 3 x 10 secs -7 = 10 secs 
-5 a t x = x  = 5 x 1 0  cm 
j 
-3  a t x = w = S x l O  cm 
-5 a t x = x  = 5 x 1 0  cm 
j 
- 3  a t  x = w  = 6 x 10 cm 
-a 
= 3 x 10 secs j 
8% wide d r i f t  field 
-3 w = 8 x 1 0  cm 
P = -1.8 x 10 cm sec 
7 = secs 
5 -1 
-5 a t x = x  = 5 x 1 0  cm 
j 
-6 
= 3 x 10 secs 
= 10 secs 
= 3 x 10 secs 
-6 
-7 
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-6  
T = 10 secs 
- 7  = 3 x 10 secs 
-7  
= 10 secs 
= 3 x 10 secs -a 
10% wide d r i f t  f i e l d  
w = cm 
P = -1.45 x 10 cm sec 
secs 
5 -1 
I 
1 
I 
r =  
= 3 x secs 
= 10 secs 
= 3 x secs 
-6 
-1 
-6 
T = 10 secs 
= 3 x 10 secs 
-7  
= 10 secs 
= 3 x 10 secs 
-7 
-8 
1251.1 wide d r i f t  f i e l d  
-2 
5 
w = 1.25 x 10 
P = - 1 . 1 6  x 10 cm sec 
-5 
T = 10 secs 
-6  = 3 x 10 secs 
= 10 secs 
= 3 x 10 secs 
-6  
-7 
-6 
T = 10 secs 
- 7  = 3 x 10 secs 
-7 = 10 secs 
= 3 x 10 secs -8 
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- 3  a t  x = w  = 8 x 10 cm 
-5 a t x = x  = 5 x 1 0  cm 
j 
-2 a t  x = w = 10 cm 
-5 a t x = x  = 5 x 1 0  c m  
j 
-2 a t  x = w = 1.25 x 10 cm 
15% wide d r i f t  f i e l d  
-2 w = 1.5 x 10 cm 
P = -9.7 x 10 ern sec 
-5 
T = 10 secs  
4 -1 
-5 a t x = x  = 5 x 1 0  e m  I j -6  = 3 x 10 sees  = secs  
= 3 x secs  
-6 
T = 10 secs  
= 3 x 10 secs  
-7 
= 10 secs  
= 3 x 10 secs 
-7  
-8  
1 -2 
a t  x = w = 1.5 x 10 cm 
20% wide d r i f t  f i e l d  
-2 
w = 2 x l O  cm 
P -7.25 x 10 cm sec 
-5 
T = 10 secs  
4 -1 
-5 a t x = x  = 5 x 1 0  cm 
j 
-6  
= 3 x 10 secs  
-6  
= 10 secs  
= 3 x 10 secs  -7  
I -6  -r = 10 secs  -7 = 3 x 10 secs  -7 = 10 secs  = 3 x 10 secs  -8  , -2 a t  x = w  = 2 x 10 cm 
2.2 Resu l t s  of Computer Solut ion 
The computer was programed t o  y i e l d  d i g i t a l  s o l u t i o n s  t o  
Eq. 2 us ing  t h e  d a t a  enumerated above, and va lues  of excess  c a r r i e r  
d e n s i t y  n were obtained f o r  var ious d i s t a n c e s  x between x and 
x = w. 
c a r r i e r s  D - a t  x 
of t h e  e i g h t  f i e l d  th i cknesses .  
base  d r i f t  f i e l d  r eg ion  was ca l cu la t ed  from t h e  r e l a t i o n :  
j 
Also obtained was t h e  value of t h e  t o t a l  f low of genera ted  
6n f o r  the  four combinations of l i f e  t i m e s  T, a t  each 
bx j 
The c o l l e c t i o n  e f f i c i e n c y  7 of t h e  B 
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bn D -  - 6x - 
VB 
t h e  i n t e g r a l  be ing  the  t o t a l  number of i n c i d e n t  photons a t  a i r  mass 
1 7  -2  
zero which, according t o  Kleinman, i s  3.3 x 10 photons cm (Ref.  1). 
Figure 1 shows t h e  p l o t  of t he  c a l c u l a t i o n s  of base  c o l l e c -  
t i o n  e f f i c i e n c y  ve r sus  d r i f t  f i e l d  th i ckness  a t  v a r i o u s  r e s i d u a l  
minori ty  c a r r i e r  l i f e t i m e s .  It i s  apparent  t h a t  f o r  low r e s i d u a l  l i f e -  
t imes ,  i n  t h e  v i c i n i t y  of 10 t o  s e c s ,  an optimum f i e l d  t h i c k n e s s  
e x i s t s  between 50 t o  75 microns. Although a t  t h i n  f i e l d  wid ths ,  <5@,  
t h e  flow of c a r r i e r s  appears  t o  be independent of r e s i d u a l  l i f e t i m e ,  
t h e  c o l l e c t i o n  e f f i c i e n c y  c o n t r i b u t i o n s  from t h e  base f i e l d  r eg ion  
becomes qu i t e  low. 
-7 
The s a l i e n t  f e a t u r e  of t h e  d a t a  i s  t h e  f a c t  t h a t ,  as r e s i d u a l  
l i f e t i m e  decreases ,  t h e  optimum f i e l d  th i ckness  d e c r e a s e s ,  as i n d i c a t e d  
by t h e  s l a n t  l i n e  i n  F i g .  1 connect ing the  maxima of t h e  f u n c t i o n s .  
It would thus seem f e a s i b l e  t o  c o n s t r u c t  d r i f t  f i e l d  c e l l s  optimum f o r  
each s p e c i f i c  mission dependent on t h e  t o t a l  r a d i a t i o n  f l u x  expec ted .  
However, i t  i s  f e l t  a t  t h i s  t i m e  t h a t  f o r  r e s i d u a l  l i f e t i m e s  of 10 
secs  corresponding t o  a t o t a l  f l u x  of 10 one Mev e l e c t r o n s ,  d r i f t  
f i e l d  th icknesses  of 50 t o  10% would seem t o  produce optimum behavior .  
-7 
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In F ig .  2 i s  p l o t t e d  the  t o t a l  c o l l e c t i o n  e f f i c i e n c y  ve r sus  
r e s i d u a l  l i f e t i m e  of a near  optimum d r i f t  f i e l d  c e l l  and a s tandard  
f i e l d  free c e l l .  It i s  apparent  t h a t ,  a t  h ighe r  minor i ty  c a r r i e r  
l i f e t i m e s ,  the  f i e l d  f r e e  c e l l  has  a h ighe r  t o t a l  c o l l e c t i o n  e f f i c i e n c y  
provid ing  an i n i t i a l l y  h igher  s h o r t  c i r c u i t  c u r r e n t .  However, a t  low 
r e s i d u a l  lifetimes, approaching <10 s e c s ,  t h e  d r i f t  f i e l d  c e l l  has  a 
c o l l e c t i o n  e f f i c i e n c y  of 20 percent  h ighe r .  
-7 
T h i s  d a t a ,  a t  l e a s t  on a t h e o r e t i c a l  b a s i s ,  would i n d i c a t e  
h igher  c o l l e c t i o n  e f f i c i e n c y  and consequent s h o r t - c i r c u i t  c u r r e n t  
r e t e n t i o n  by d r i f t  f i e l d  s o l a r  c e l l s  a f t e r  r a d i a t i o n  f l u x e s  of 10 one 
Mev e l ec t rons  g iv ing  f a i r  i n s i g h t  i n t o  t h e  s h o r t  c i r c u i t  degrada t ion  
p r  ob l e m  . 
1 6  
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2.3 Open C i r c u i t  Voltage Degradation 
The exp lana t ion  of deg rada t ion  of open c i r c u i t  v o l t a g e  i s ,  
however, not a s  c l e a r  a s  t h a t  of s h o r t  c i r c u i t  c u r r e n t  deg rada t ion .  
Since t h e  open c i r c u i t  v o l t a g e  i s  dependent on many f a c t o r s ,  i nc lud ing  
t h e  l i g h t  generated c u r r e n t  I s a t u r a t i o n  c u r r e n t  I t h e  d iode  equa- 
t i o n  A f a c t o r ,  and t h e  band s t r u c t u r e  in t h e  v i c i n i t y  of t h e  j u n c t i o n ,  
t h e  p i c t u r e  i s  extremely complex a t  p r e s e n t .  
L’ 0’ 
Upon s o l u t i o n  of t h e  d iode  equa t ion  
f o r  V i n  terms of I ,  assuming I t o  be much smaller than  I t h e  fo l low-  
i n g  r e l a t i o n  ensues : 
0 L’ 
r 
AKT I L  - -1n1-1 
voc 9 I O  
F a i r  v a l u e s  of I may be gained by a p l o t  of l og  1 1-1 I v e r s u s  v o l t a g e  
from s o l a r  c e l l  I - V  c h a r a c t e r i s t i c  cu rves .  Upon e x t r a p o l a t i o n  t o  V = 0 
of t h e  s lope  of t h e  p l o t  a t  t h e  IL dominated p o r t i o n  of t h e  I - V  cha r -  
a c t e r i s t i c  wel l  above t h e  “knee” of t h e  c u r v e ,  an  e m p i r i c a l  v a l u e  of 
I can be obtained. 
0 s c  
0 
The v a l i d i t y  of t h i s  can be shown by cons ide r ing  E q .  15 i n  a 
rear ranged  form: 
a g a i n  assuming I << IL. 
p l o t  of l n (1 - I  ) w i l l  approach z e r o  a s  V approaches z e r o .  However i f  
a n  e x t r a p o l a t i o n  i s  made t o  V = 0 from t h a t  p o r t i o n  of  t h e  p l o t  where 
1 < A < 2 ,  the value of I obta ined  is t h a t  va lue  nea r  t h e  maximum 
power po in t  of the  I - V  c h a r a c t e r i s t i c  curve .  The dependence of I 
on the  value of  A can be shown upon d i f f e r e n t i a t i o n  of  E q .  15: 
Since t h e  f a c t o r  A changes w i t h  v o l t a g e ,  t h e  
0 
L 
0 
0 
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Because of  t h e s e  r e l a t i o n s ,  i t  would be w e l l  t o  cons ide r  t h e  
n a t u r e  of t h e  s a t u r a t i o n  cu r ren t  i n  a diode and i t s  p o s s i b l e  i n c r e a s e  
a f t e r  p a r t i c l e  i r r a d i a t i o n .  Jonscher has  shown t h e  dependence of 
s a t u r a t i o n  c u r r e n t  gene ra t ion  on minor i ty  c a r r i e r  l i f e t i m e  i n  t h e  space 
charge r eg ion  as (Ref.  5) :  
- 19 
where q = e l e c t r o n i c  charge ,  1.6 x 10 
n = i n t r i n s i c  c a r r i e r  dens i ty  of s i l i c o n  a t  room temperature  
10 i 
1.4 x 10 
w = space charge width 
T = minori ty  carrier l i f e t i m e  
I f  t h i s  i s  t r u e ,  then  t h e  open c i r c u i t  v o l t a g e  degrada t ion  i s  dependent 
no t  only upon t h e  dec rease  of the l i g h t  generated c u r r e n t  5, b u t  a l s o  
upon minori ty  l i f e t i m e  i n  t h e  junc t ion  space chgrge r eg ion  as w e l l ,  
according t o  Eqs .  16 and 20. 
e v a l u a t i o n  of t h e  r a d i a t i o n  damage d a t a  presented  i n  Sec t ion  5.  
This w i l l  be  f u r t h e r  d i scussed  upon 
2.4 Primary D r i f t  F i e l d  Design Parameters 
Since t h e  above t h e o r i e s  and r e l a t i o n s h i p s  w e r e  be ing  evolved 
du r ing  t h e  course  of t h e  con t r ac t ,  t h e  o r i g i n a l  d r i f t  f i e l d  des ign  
parameters  w e r e ,  of n e c e s s i t y ,  p a r t i a l l y  i n t u i t i v e  and p a r t i a l l y  based 
on previous work. It w a s  decided t o  f a b r i c a t e  d r i f t  f i e l d  c e l l s  w i t h  
a 40 t o  50 micron d r i f t  r eg ion  on t h e  b a s i s  of t h e o r e t i c a l  c a l c u l a t i o n s  
performed by Cheslow and Kaye (Ref. 2 ) .  Figure  3 shows t h a t  a t  50 
microns below the  s u r f a c e ,  85 percent o f  i n c i d e n t  air  m a s s  ze ro  s o l a r  
photons would be absorbed. 
of boron concen t r a t ion  i s  t h e  maximum p r a c t i c a l  l i m i t  a t t a i n a b l e ,  a 
Since a d i f f e r e n c e  of 5 o r d e r s  of magnitude 
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-1 d r i f t  f i e l d  wi th  an average value of approximately 75 v o l t s  cm 
be a t t a i n e d .  If t h e  t o t a l  d r i f t  f i e l d  w a s  made 100 microns long,  90 
pe rcen t  of i nc iden t  a i r  mass zero photons would be  absorbed; however, 
now t h e  average d r i f t  f i e l d  would be  between 30 t o  35 v o l t s  cm 
These la t te r  types  of c e l l s  had a l r eady  been made by E l e c t r o - o p t i c a l  
Systems, Inc . ,  under NASA Contract NAS7-92 and had proven t o  b e  t h r e e  
t o  f i v e  times more r a d i a t i o n  r e s i s t a n t  than  t h e  b e s t  f i e l d  f r e e  n-on-p 
c e l l s  a v a i l a b l e  (Ref. 2 ) .  It was decided, t h e r e f o r e ,  t o  use t h e  h ighe r  
f i e l d  conf igu ra t ion  and l o s e  the a d d i t i o n a l  5 pe rcen t  of absorbed 
photons.  
could 
-1 . 
4370-Final 17 
c 
3 .  FABRICATION TECHNIQUES OF DRIFT FIELD CELLS 
To develop methods of f a b r i c a t i o n  of  t h e  d r i f t  s t r u c t u r e s ,  s e v e r a l  
approaches were cons idered  and a t tempted .  
blanks a re  extremely f r a g i l e  and would produce a n  ex t remely  high break-  
age  ra te  i n  any process ing  procedure,  some method of  app ly ing  backup 
s t r u c t u r e s  on t h e  r eve r se  s i d e  of  t h e  a c t i v e  p o r t i o n  of  t h e  c e l l  had t o  
be employed. Three methods were a t tempted:  
S ince  5 0 ~  t h i c k  s i l i c o n  
1. Alloying a low r e s i s t i v i t y  s i l i c o n  blank on t h e  boron p r e -  
doped s i d e  of a high r e s i s t i v i t y  b lank  w i t h  aluminum and sub- 
sequent ly  d i f f u s i n g  t h e  boron and aluminum s imul taneous ly  
in to  the  high r e s i s t i v i t y  blank t o  form t h e  d r i f t  f i e l d .  
2 .  E p i t a x i a l l y  growing low r e s i s t i v i t y  s i l i c o n  on a high r e s i s -  
t i v i t y  blank conta in ing  a boron p r e d i f f u s e d  f i e l d .  
E p i t a x i a l l y  growing c a r e f u l l y  programmed r e s i s t i v i t y  s i l i c o n  
ma te r i a l  forming the  a c t i v e  f i e l d  p o r t i o n  of t he  c e l l  on a 
low r e s i s t i v i t y  s u b s t r a t e .  
3 .  
These are  discussed i n  d e t a i l  below a long  wi th  a t t e n d a n t  problems and 
r e s u l t s  . 
3 . 1  A l u m i n u m  Alloy-Diffused Approach 
3.1.1 Alloying Process  
I n  o rde r  t o  t e s t  t h e  f e a s i b i l i t y  of t h e  aluminum a l l o y  
d i f f u s e d  method of producing d r i f t  f i e l d  c e l l s ,  s e v e r a l  p re l imina ry  
runs were made. Both high (25Q-cm) and low (d.001R-cm) r e s i s t i v i t y  
p- type  1 x 2 cm s o l a r  c e l l  blanks were employed. The b a s i c  procedure 
w a s  as fol lows:  
1. Both r e s i s t i v i t y  type blanks were lapped and mechanical ly  
pol ished t o  remove s u r f a c e  damage. 
2 .  A l u m i n u m  was  vacuum evapora ted  on t h e  po l i shed  s i d e  of  both 
types.  
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3 .  The  aluminum coated  s i d e s  were sandwiched t o g e t h e r  and 
0 
a l l o y e d  a t  1,050 C in  a n i t r o g e n  atmosphere f o r  10 minutes .  
4 .  The sandwich s t r u c t u r e s  were d i f f u s e d  f o r  20 hours a t  
1 , 200°C. 
5 .  The high r e s i s t i v i ty  s i d e  of t he  sandwich w a s  then lapped 
t o  wi th in  100 microns of the  aluminum i n t e r f a c e .  
6 .  The lapped su r face  was pol i sh-e tched  t o  wi th in  50 microns 
of  t h e  aluminum i n t e r f a c e .  
0 7 .  Phosphorous w a s  d i f fused  i n t o  t h e  top  su r face  a t  930 C 
forming a junc t ion  approximately 0 .5  micron below t h e  sur -  
f a c e .  
8 .  The g r i d  p a t t e r n  was app l i ed  us ing  pho to l i t hograph ic  t ech -  
niques and s i l v e r  p l a t i n g .  
9 .  The c e l l  w a s  masked on top and bottom and the  edges e tched  
t o  c l e a r  t he  junc t ion .  
10. S i l i c o n  monoxide was vacuum evaporated on top  s u r f a c e  t o  
produce a n  a n t i r e f l e c t i o n  c o a t i n g .  
3 -1 .2 Fabr i ca t ion  Problems and R e s u l t s  
The f i r s t  run was f a b r i c a t e d  according t o  t h e  above 
procedure.  The th i ckness  of the evaporated aluminum was approximately 
1 micron, and t h e  s l i c e s  were d i f f u s e d  with t h e  high r e s i s t i v i t y  s i d e  
down on t h e  d i f f u s i o n  boa t .  Two f a c t s  became apparent  dur ing  s t e p s  5 
and 6 :  
1. I n  t h e  course of t h e  d i f f u s i o n  p rocess ,  t h e  aluminum a l l o y e d  
deep i n t o  t h e  high r e s i s t i v i t y  blanks a long  what appeared t o  
be d i s l o c a t e d  areas. The appearance of t h e  s u r f a c e s  of most 
of the c e l l s  of t he  f i r s t  run a f t e r  t h e  e t c h  p rocess  i n  s t e p  
6 w a s  t h a t  of nonuniformit ies  i n  a more o r  less geometr ic  
p a t t e r n .  
2 .  Cracking around t h e  edges of the  high r e s i s t i v i t y  s l i c e s  
a f t e r  t h e  lapping and e t ch ing  s t e p s ,  and i n  some samples,  
complete d i s a s s o c i a t i o n  of t h e  two blanks.  
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The cause of t he  f i r s t  i s  thought t o  be t h a t ,  as  t h e  
s l i c e s  cooled i n  t h e  furnace upon withdrawal ,  t h e  top p o r t i o n  cooled 
f i r s t ,  thus  causing t h e  aluminum t o  segrega te  downward toward t h e  
h o t t e r  por t ion  of t h e  sandwich. The l a t t e r  runs were made with t h e  
low r e s i s t i v i t y  s l i c e s  on t h e  bottom. 
The cause f o r  t h e  second occurrence i s  p r i m a r i l y  due 
t o  the  f a c t  t h a t  i n  t h e  p o l i s h i n g  procedure of  s t e p  1, t h e  edges tended 
t o  round on both s l i c e s ,  and i n  subsequent a l l o y i n g  t h e  aluminum-si l i -  
con a l l o y  tended t o  p u l l  inward from t h e  edges of t h e  sandwich, t hus  
leaving gaps around t h e  edges.  
Another f a c t  which became evident  upon e v a l u a t i o n  of 
t h e  d i f f u s e d  s t r u c t u r e s  according t o  t h e  double a n g l e  l ap  method 
explained i n  Subsect ion 3.1.3 of t h i s  r e p o r t ,  was t h a t  no apparent  
boron doping of t h e  graded region from t h e  low r e s i s t i v i t y  wafer ensued 
a s  a r e s u l t  of t h e  20-hour d i f f u s i o n  used t o  form t h e  d r i f t  f i e l d  
s t r u c t u r e .  However, t h e  angle  s e c t i o n s  d i d  show t h a t  t h e  t a i l  of t h e  
aluminum d i f f u s i o n  d i d  extend approximately 50 microns i n t o  t h e  high 
r e s i s t i v i t y  m a t e r i a l ,  a l though 110 a c c u r a t e  q u a n t i t a t i v e  e s t i m a t e  of 
t h e  doping p r o f i l e  could be obtained due t o  t h e  high c o n c e n t r a t i o n  
aluminum a l l o y  apparent  a long t h e  d i s l o c a t i o n s .  To v e r i f y  t h e  doping 
l e v e l  a t  the subsequent p-n j u n c t i o n ,  another  e v a l u a t i o n  method w a s  
r e s o r t e d  t o  a s  explained i n  Subsect ion 3 . 1 . 3  of  t h i s  r e p o r t .  
I n  view of t h i s ,  two succeeding runs were s p l i t  i n t o  
two p o r t i o n s ;  i n  the  f i r s t  p o r t i o n  boron w a s  d e p o s i t e d  i n t o  t h e  p o l -  
i shed  f a c e  of t h e  high r e s i s t i v i t y  blanks wi th  a c o n c e n t r a t i o n  of 
approximately 1 x 10 atoms c m  p r i o r  t o  t h e  aluminum evapora t ion  
( s t e p  3 of t h e  procedure) .  The o t h e r  p o r t i o n  of both runs was f a b r i -  
c a t e d  without t h e  a i d  of t h i s  boron p r e d e p o s i t .  Unfor tuna te ly ,  t h e  
edge-cracking pro5lem w a s  s t i l l  s i g n i f i c a n t  and t h e  m a j o r i t y  of t h e  
samples was l o s t  i n  s t e p s  5 and 6 of  t h e  procedure.  
20 -3 
A s  a r e s u l t  of t h e s e  problems, on ly  t h r e e  c e l l s  re- 
mained whici, were capable  of  any s i g n i f i c a n t  o u t p u t .  The r e s u l t s  of 
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I 
I 
8 
1 
I 
tungs ten  and sun l igh t  ou tput  
o f  t h i s  r e p o r t .  These c e l l s  
samples - 
I n  o r d e r  t o  
problems a s s o c i a t e d  with t h e  
s i s t i v i t y  material w e r e  used 
measurements a r e  d iscussed  i n  Sec t ion  4 
were submit ted t o  GSFC as t h e  f i r s t  
a l l e v i a t e  t h e  edge-cracking and e t ch ing  
1 x 2 cm, l a r g e r  s l i c e s  of t h e  same re- 
(0.0004R-cm and 25Q-cm). Two s e p a r a t e  
approaches w e r e  employed, and a f t e r  d i f f u s i o n ,  a l l o y i n g ,  and g r i d  
a p p l i c a t i o n ,  the  c e l l s  w e r e  cut t o  s i z e  us ing  u l t r a s o n i c  c u t t i n g  
equipment. 
I n  t h e  f i r s t  approach, a depos i t  of boron w a s  made on 
250-cm p-type material with a su r face  concen t r a t ion  of approximately 
3 x 21 atoms/cm . 
su r face  and the  corresponding su r face  of a low r e s i s t i v i t y  p- type 
s l i c e .  The two aluminized sur faces  were then  p laced  t o g e t h e r ,  and t h e  
r e s u l t i n g  sandwich s t r u c t u r e  placed i n  an  a l l o y i n g  furnace  a t  1,050 C 
i n  a n i t rogen  atmosphere. Af t e r  a l l o y i n g  , t h e  s t r u c t u r e s  were d i f f u s e d  
a t  1,2OO0C f o r  a pe r iod  of  20 hours .  The s t r u c t u r e s  were lapped and 
chem-polished t o  a d i s t a n c e  of 5 0 ~  above the  aluminum s i l i c o n  i n t e r -  
f a c e .  A t  t h i s  t i m e ,  i t  w a s  no t iced  t h a t  r e l a t i v e l y  l a r g e  p o r t i o n s  of  
aluminum formed b a l l s  and a l loyed  i n t o  t h e  high r e s i s t i v i t y  material. 
Consequently, a l l  c e l l s  made from these  s t r u c t u r e s  w e r e  s h o r t c i r c u i t e d .  
3 Aluminum was vacuum evaporated on t h i s  boron-doped 
0 
The second approach w a s  t o  p redepos i t  boron on the  
s i d e  of t h e  high r e s i s t i v i t y  s l i c e s  and d i f f u s e  t h e  boron a lone  t o  a 
depth of approximately 50 microns before  the  aluminum depos i t i on .  
Aluminum w a s  t hen  vacuum deposi ted and a l l o y e d  as i n  t h e  f i r s t  approach; 
however, t h e  samples w e r e  no t  d i f fused  a t  t h e  h igher  tempera ture ,  t h e  
boron p r e d i f f u s i o n  being used t o  form the  d r i f t  f i e l d  s t r u c t u r e .  
A f t e r  lapping and chem-polishing t h e  samples t o  a p o i n t  50 microns 
from the  aluminum s i l i c o n  i n t e r f a c e ,  phosphorous w a s  d i f f u s e d  on t h i s  
s u r f a c e ,  t h e  g r i d  s t r u c t u r e  app l i ed ,  t h e  c e l l  u l t r a s o n i c a l l y  c u t  t o  
s i z e ,  masked, and t h e  edges etched t o  c l e a r  t he  j u n c t i o n .  Of t h e  s i x  
samples run i n  t h i s  experiment,  two c e l l s  were not  s h o r t e d .  The reason 
f o r  t he  i n a b i l i t y  t o  e t ch  t h e  junc t ion  on t h e  o t h e r  f o u r  ce l l s  is n o t  
4370-Final 2'1 
f u l l y  understood a t  p r e s e n t .  It i s  thought t h a t  an  i n s u f f i c i e n t  amount 
of aluminum was depos i t ed ,  causing an  inhomogeneous a l l o y  format ion ,  
some chipping and d i s a s s o c i a t i o n  of t he  a l l o y  s t r u c t u r e  being e v i d e n t .  
A s  a r e s u l t ,  dur ing  t h e  phosphorous d i f f u s i o n ,  t h e  phosphorous vapor 
en te red  between t h e  s l i c e s .  It i s  i n t e r e s t i n g  t o  no te  t h a t  t he  two 
nonshorted c e l l s  showed the  least  amount of  ch ipping .  
These two c e l l s ,  and a t h i r d  c e l l  f a b r i c a t e d  from 
1 x 2 cm blanks ,  were submit ted t o  Goddard Space F l i g h t  Center  f o r  
eva lua t ion  as  t h e  second group of samples.  The i r  e l e c t r i c a l  c h a r a c t e r -  
i s t i c s  a r e  noted i n  Sec t ion  4 of  t h i s  r e p o r t .  
3.1.3 Dopant Concentrat ion Evalua t ion  
Three d i f f e r e n t  methods a r e  r e a d i l y  a v a i l a b l e  and 
were used f o r  t h e  eva lua t ion  of d r i f t  f i e l d s  i n  the  aluminum a l l o y -  
d i f f u s e d  s t r u c t u r e s .  
I n  the  f i r s t  method, sample s t r u c t u r e s  were f a b r i c a t e d  
and a r e s i s t i v i t y  p r o f i l e  made by success ive  e t c h i n g  and measuring wi th  
a 4-point  probe a t  approximately 5p i n t e r v a l s  through the  d r i f t  f i e l d  
r eg ion .  This ,  however, w a s  no t  a s u i t a b l e  method f o r  e v a l u a t i o n  of 
t h e  aluminum a l l o y  d i f f u s e d  samples.  The t h i n  aluminum l a y e r ,  sand- 
wiched between t h e  high and low r e s i s t i v i t y  s i l t c o n  s l i c e s  , provided 
too  low a conduction pa th  f o r  c u r r e n t  supp l i ed  by t h e  4-poin t  probe 
a p p a r a t u s ,  which r e s u l t e d  i n  s o  low a s i g n a l  l e v e l  t h a t  t h e  change i n  
t h e  i n t eg ra t ed  r e s i s t a n c e  of t he  sample, due t o  t h e  removal of a t h i n  
l a y e r  by e t ch ing ,  w a s  not  d e t e c t e d .  
A second method, desc r ibed  by S i l s  and Wang (Ref.  6 ) ,  
w a s  a t tempted with some success .  The method c o n s i s t s  p r i m a r i l y  of 
lapping and po l i sh ing  a shal low ang le  (1 
sample i n  ques t ion ,  and d i f f u s i n g  t h e  oppos i t e  impur i ty  dopant onto t h e  
o r i g i n a l  sur face  and a n g l e .  A f t e r  d i f f u s i o n ,  a second ang le  i s  lapped 
and pol i shed  normal t o  t h e  f i r s t  angle  and s t a i n  e t ched .  The d i f f e r e n c e  
i n  d i sco lo ra t ions  between the  n and p mater ia l s  c l e a r l y  d e f i n e s  t h e i r  
boundary w i t h  a r e s u l t a n t  ''panoramic view" of t h e  r e s i s t i v i t y  p r o f i l e .  
0 t o  5 O )  on t h e  s u r f a c e  of t h e  
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Knowledge of t h e  su r f ace  concentrat ion of t h e  second d i f f u s i o n ,  the  
i n i t i a l  concen t r a t ion  of t h e  d i f fusan t  used t o  form t h e  graded base 
s t r u c t u r e ,  and t h e  concent ra t ion  of dopant i n  the  high r e s i s t i v i t y  
material, i n t o  which both d i f f u s a n t s  e n t e r e d ,  provide  convenient  and 
adequate  c a l i b r a t i o n  p o i n t s  when the  sample is  photographed with i n t e r -  
fe rence  microscopy. 
A t h i r d  method w a s  a t tempted  with much b e t t e r  success .  
Thomas, e t  a l . ,  (Ref. 7) have shown t h e  use fu lness  of capac i tance  . 
ver sus  r eve r se  vo l t age  measurements on j u n c t i o n  devices  f a b r i c a t e d  on 
e p i t a x i a l l y  grown s u b s t r a t e s  t o  determine t h e  auto-doping p r o f i l e  i n  
such s u b s t r a t e s .  The  method i s  based on t h e  f a c t  t h a t  t h e  s lope  of 
1 / C  versus  t h e  app l i ed  reverse  vo l t age  i s  a simple f u n c t i o n  of t h e  
doping concen t r a t ion  ad jacen t  t o  t h e  j u n c t i o n .  
2 
The procedure is a s  fo l lows :  t he  capac i tance  i s  
measured a t  some g iven  reverse  vo l t age .  The d i a l  s e t t i n g  on the  
capac i t ance  br idge  i s  detuned by a s m a l l  increment ,  approximately 1 
t o  2 pe rcen t .  The vo l t age  i s  then changed t o  reba lance  the  capac i t ance  
br idge  and t h e  vo l t age  noted .  T h i s  g ives  AC/AV o r  approximately dC/dV 
which corresponds t o  t h e  s lope of t he  capac i tance  ve r sus  vo l t age  func-  
t i o n  a t  t h e  given C and V values f o r  the  p a r t i c u l a r  diode.  With appro-  
p r i a t e  c o r r e c t i o n  f o r  diode a rea ,  t he  doping concen t r a t ion  and t h e  
depth a t  which t h e  measurement w a s  made can be determined from a nomo- 
graph publ i shed  i n  Ref. 4 .  However, s i n c e  t h e  pub l i shed  nomograph 
1 
encompasses only  t h r e e  o r d e r s  of magnitude of dC/dV, a l a r g e r ,  expanded 
model encompassing e i g h t  orders  of magnitude w a s  cons t ruc t ed  t o  e v a l -  
u a t e  the  p re sen t  measurements. 
The t h i r d  method w a s  t e s t e d  on a sample of an  aluminum 
a l loy -d i f fused  s t r u c t u r e  w i t h  a boron p redepos i t .  
t h e  sample, t he  j u n c t i o n  was a t  50 microns above the  aluminum a l l o y  
r eg ion ,  and on the  o t h e r ,  a t  30 microns.  The r e s u l t s  and t h e  t h e o r e t i -  
c a l  curve f o r  t h e  simultaneous d i f f u s i o n  of  boron and aluminum are 
On one p o r t i o n  o f  
shown i n  F ig .  4 .  It is  evident  t h a t  t h e  a c t u a l  concen t r a t ion  p r o f i l e  
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fo l lows  t h e  t h e o r e t i c a l  f a i r l y  c l o s e l y ,  e s p e c i a l l y  a t  t h e  po in t  approx- 
imately 25 microns from the  aluminum a l l o y  reg ion  where the  t h e o r e t i c a l  
curve p r e d i c t s  a h igher  boron concent ra t ion .  It i s  i n t e r e s t i n g  t o  no te  
t h e  i nc rease  i n  s lope  of t h e  experimental  curve i n  t h i s  reg ion .  
3.2 Reverse E p i t a x i a l  Approach 
3.2.1 Fabr i ca t ion  Process 
The r eve r se  technique procedure w a s  as fo l lows:  
Boron was predeposi ted on a po l i shed  s i d e  of 25n-cm 1 x 2 c m  
s o l a r  c e l l  blanks and d i f f u s e d  f o r  a p e r i o d  o f  96 hours a t  
1,25OoC, t o  a depth of 55 t o  60 microns.  
1. 
2. Between 0.005 inch to  0.007 inch of low r e s i s t i v i t y  p- type 
s i l i c o n  was e p i t a x i a l l y  depos i ted  on top  of  t h i s  d i f f u s e d  
d r i f t  f i e l d .  
3 .  The oppos i te  s i d e  of t he  c e l l s  w a s  lapped and chem-etched 
t o  a p o i n t  55 microns from t h e  e p i t a x i a l  boundary. 
4 .  Phosphorous w a s  d i f fused  t o  form t h e  j u n c t i o n .  
5 .  The g r i d  s t r u c t u r e  was a p p l i e d  by pho to l i t hograph ic  means 
and s i l v e r  p l a t i n g .  
6 .  The  c e l l s  were masked and t h e  edges e t ched  t o  c l e a r  t he  
junc t ion .  
7 .  Solder  w a s  app l i ed  t o  t he  g r i d s  and s i l i c o n  monoxide a n t i -  
r e f l e c t  ion coa t ings  evaporated t o  t h e  top  s u r f a c e .  
3.2.2 Problems and Resul t s  
The f i r s t  a t tempts  t o  f a b r i c a t e  c e l l s  from m a t e r i a l  
with growths 0.007 t o  0.012 inch t h i c k  gave c e l l s  wi th  poor I - V  
c h a r a c t e r i s t i c s .  Impur i t i e s  were discovered i n  t h e  e p i t a x i a l  gas 
stream, which caused l a rge  q u a n t i t i e s  of s t ack ing  f a u l t s  i n  t h e  growths.  
This imperfect  material, having a s l i g h t l y  d i f f e r e n t  c o e f f i c i e n t  o f  
expansion than the  good s i l i c o n  on which t h e  e p i t a x i a l  l a y e r  w a s  grown, 
produced d i s l o c a t i o n s  and s t r a i n s  i n  the  s u b s t r a t e  m a t e r i a l  through 
p l a s t i c  deformation. T h i s  was f i r s t  evidenced by low s h o r t - c i r c u i t  
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c u r r e n t s  and the i n a b i l i t y  t o  o b t a i n  good c h a r a c t e r i s t i c  curves  on 
f a b r i c a t e d  c e l l s .  A subsequent d i s l o c a t i o n  e t c h  i n  a s o l u t i o n  o f :  
Cr03 20 grams 
HF (48%) 45 m l  
H20 ( d i s t i l l e d )  40 m l  
f o r  45 seconds on the  top su r faces  of the  sho r t ed  o r  poor c h a r a c t e r -  
i s t i c  c e l l s  showed l a rge  numbers of d i s l o c a t i o n  e t c h p i t s  i n  e longated  
c l u s t e r s  along with s i n g l e  p i t s .  
c e l l s  f ab r i ca t ed  from the same s t a r t i n g  m a t e r i a l  produced no e t c h p i t s ,  
e i t h e r  i n  c l u s t e r s  o r  s i n g l y .  A f t e r  t h e  e p i t a x i a l  impuri ty  s i t u a t i o n  
which w a s  due t o  a f a u l t y  valve was r e c t i f i e d ,  much b e t t e r  q u a l i t y  
growths were obta ined .  Cells f a b r i c a t e d  from these  s t r u c t u r e s  had 
much b e t t e r  I-V c h a r a c t e r i s t i c  curves ,  and had dark leakage  c u r r e n t s  
of  l e s s  than 50 microamperes a t  1 v o l t  r eve r se  b i a s .  
The same e t c h  performed on c o n t r o l  
3.2.3 Dopant Concentrat  ion Evalua t ion  
Samples from sepa ra t e  long boron d i f f u s i o n  runs were 
eva lua ted  by means of success ive  four -poin t  probe and e t ch ing  s t e p s .  
The conduct iv i ty  and consequent boron concen t r a t ion  can be determined 
from the  following r e l a t i o n :  
= r - - g <  1 1
-Rl n 
where 0 i s  t h e  average conduc t iv i ty  of t h e  n th  l a y e r ,  R and R a r e  
t h e  shee t  r e s i s t a n c e s  a s  measured by t h e  4-poin t  probe before  and 
a f t e r  t he  removal of the  n th  l a y e r  and X 
The r e s u l t s  are shown i n  F ig .  5.  
n 1 2 
i s  the  th i ckness  removed. 
n 
The t h e o r e t i c a l  curve was obta ined  by s o l u t i o n  of t he  
e r r o r  func t ion  r e l a t i o n :  
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where 
N = concen t r a t ion  a t  d i s tance  x 
N = su r face  concent ra t ion  
X 
S 2 0 
D = d i f f u s i o n  cons tan t  i n  cm /sec of boron i n  s i l i c o n  a t  1,250 C 
t = t i m e  i n  seconds 
The su r face  concen t r a t ion  N was obta ined  by s h e e t  r e s i s t a n c e  measure- 
ments on a n  n- type c o n t r o l  s l i c e  and inco rpora t ion  of  I r v i n ' s  d a t a  
(Ref. 8 ) .  
experiment i s  not  known a t  t h i s  t ime. 
S 
The reason f o r  t h e  obvious d iscrepancy  between theo ry  and 
Figure 6 shows t h e  r e s u l t s  obta ined  on a subsequent 
sample, t h i s  being r ep resen ta t ive  of t he  o t h e r  samples.  Because of 
t h e  good agreement w i t h  theory  of  t h e s e  r e s u l t s ,  g r e a t e r  confidence 
w a s  p laced  i n  t h i s  method. 
3.3 Front  E p i t a x i a l  Approach 
Two methods of e p i t a x i a l  depos i t i on  of s i l i c o n  w e r e  a t tempted:  
The hydrogen reduct ion of s i l i c o n  t e t r a c h l o r i d e  by means of 
t h e  o v e r a l l  r eac t ion :  
1. 
t h e  h a l i d e  being introduced i n t o  t h e  r e a c t i o n  chamber as a 
vapor by bubbling con t ro l l ed  amounts of H through t h e  l i q u i d .  
2 
2 .  The p y r o l y s i s  of s i l a n e  by t h e  r e a c t i o n  : 
A 
S i ( s )  + 2H2 
4 (g) 
S i H  
3 .3 .1  Hydrogen Reduction of S i l i c o n  T e t r a c h l o r i d e  
The e p i t a x i a l  system w a s  r econs t ruc t ed  t o  i n s u r e  i t s  
being l eak - f r ee .  When no t  i n  u s e  it was kept  under cons t an t  vacuum, 
a i d i n g  mois ture- f ree  opera t ion .  T h e  r e s u l t s  of t h e  f i r s t  growths on 
the  r econs t ruc t ed  system are l i s t e d  i n  Table I. It is appa ren t  t h a t  
a f t e r  Run No.  E-14, t he  major i ty  of t h e  p- type  contaminat ion w a s  
leached out  of t h e  system, s ince  t h e  growths were doped by auto-doping 
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TABLE I 
I 
RESULTS OF FIRST EPITAXIAL RUNS ON NEW ALL-PYREX SYSTEM 
T o t a l  
Run No. Temperature Rate Thickness R e m a r k s  
E-10 
E-11 
E-12 
E-13 
E-14 
E-15 
E-16 
E-17 
120oOc 
1275OC 
128OoC 
Run 
abor ted  
120oOc 
129OoC 
129OOC 
129OOC 
0 . 1 5 ~  Imin 
0.7 p/min 
2.0 ulmin 
0.6 p/min 
0.9 u l m i n  
0.85p/min 
0.85p/min 
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1 t o  21J P ,  low r e s i s t i v i t y  
s i n g l e  c r y s t a l  
&J P, low r e s i s t i v i t y  
s i n g l e  c r y s t a l  
6011 P, medium r e s i s t i v i t y  
p o l y c r y s t a l  
1011 
25u 
7511 
N type  on N s u b s t r a t e  
Good q u a l i t y  s i n g l e  c r y s t a l  
N type on N s u b s t r a t e  
Good q u a l i t y  s i n g l e  c r y s t a l  
P type  on P type  s u b s t r a t e .  
Good q u a l i t y  s i n g l e  c r y s t a l  
N type on N t ype  s u b s t r a t e .  
Good q u a l i t y  s i n g l e  c r y s t a l  
I \, THEORETICAL \+DISTRIBUTION ERROR FUNCTION 
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D R I F T  F I E L D  EVALUATION BY 4 - P O I N T  
PROBE METHOD 
28 
F I G .  5 
THEORETICAL AND EXPERIMENTAL RESULTS 
OF BORON D I F F U S I O N  I N T O  25 o h m - c m  P 
TYPE S I L I C O N  
I 
from the  growth s u b s t r a t e .  No extraneous doping of e i t h e r  type  w a s  
4 used and t h e  growths were performed from a semiconductor grade  S i c 1  
source .  Runs No. E - 1 0  and E - 1 1  w e r e  not  good q u a l i t y  s i n g l e  c r y s t a l  
growths,  p o l y c r y s t a l l i n e  pa tches  and c r y s t a l l i t e s  be ing  v i s i b l e  t o  
t h e  unaided eye .  
Runs No. E - 1 4 ,  E - 1 5 ,  E-16, and E-17  were e x c e l l e n t  
growths.  They were eva lua ted  by immersing i n  t h e  above mentioned 
s o l u t i o n  and e tched  f o r  45 seconds.  F igure  7 ( a ,  b ,  c ,  and d) shows 
t h e  r e s u l t s  of t h i s  e t ch  on samples E - 1 4 ,  E - 1 5 ,  E - 1 6 ,  and E-17  respec-  
t i v e l y .  These photomicrographs were made a t  400X magn i f i ca t ion  and 
r ep resen t  a reas  OF 6 x 10 cm . -4 2 
The e q u i l a t e r a l  t r i a n g l e s  are  i n d i c a t i o n s  of s t a c k i n g  
f a u l t s ,  t he  l a r g e r  t r i a n g l e s  i n d i c a t i n g  s t a c k i n g  f a u l t s  occu r r ing  a t  
o r  very  near t he  subs t ra te -growth  i n t e r f a c e ,  and t h e  smaller  ones 
( s e e  F igs .  7b, 7c) i n d i c a t i n g  f a u l t s  occu r r ing  h ighe r  i n  t h e  growth 
reg ion .  These t r i a n g l e s  r ep resen t  t he  bases  of  i n v e r t e d  t e t r a h e d r a ,  
t h e  a p i c e s  of which o r i g i n a t e  a t  t he  s t ack ing  f a u l t  o r i g i n .  There 
e x i s t s  a r e l a t i o n s h i p  whereby t h e  he igh t  of a t e t r a h e d r o n  can be re- 
l a t e d  t o  the length  of a s i d e  (Ref. 9 ) :  
0 
he igh t  = l ength  of s i d e  x s i n  54.7 
By t h i s  method a f a i r l y  a c c u r a t e  approximation of t he  growth th i ckness  
can be obtained even though angle- lapping  and s t a i n - e t c h i n g  techniques  
f a i l  such as  i n  t h e  cases of p-on-p o r  n-on-n type  growths.  
Runs No. E-14 t o  E - 1 7  were performed wi th  a hydrogen 
t o  s i l i c o n  t e t r a c h l o r i d e  mole - r a t io  of approximately 300 wi th  an  
average gas v e l o c i t y  through t h e  r e a c t o r  of  220 cm/min. 
f low r a t e ,  al though probably reducing t h e  growing e f f i c i e n c y ,  t ends  
toward more uniform t o t a l  growth over  a longer  length  (Ref. 10). The 
hea t ing  apparatus  c o n s i s t s  of a carbon block coupled t o  a n  r f  g e n e r a t o r ,  
wi th  hea t  t r a n s f e r  t o  t h e  growth s u b s t r a t e  accomplished with a qua r t z  
f l a t .  
T h i s  h ighe r  
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Since  the  s y s t e m  a t  t h i s  t i m e  w a s  growing r e l a t i v e l y  
pure s i l i c o n ,  i t  was proposed t o  f a b r i c a t e  t h e  f i r s t  samples of e p i t h  
i a l l y  grown d r i f t  f i e l d  c e l l s  v i a  t h e  f r o n t  s u r f a c e  growth method. 
Experimental runs were performed t o  e v a l u a t e  t h e  q u a l i t y  and r e s i s t i v -  
i t y  o f  growths on low r e s i s t i v i t y  (0.0004Q-cm) boron doped material .  
The r e s u l t s  of the more s i g n i f i c a n t  runs a r e  shown i n  Table  11; a d d i -  
t i o n a l  runs ,  no t  l i s t e d ,  were performed f o r  c a l i b r a t i o n  of tempera ture ,  
f low r a t e s ,  e t c .  S ince  the  " f ront"  a c t i v e  p o r t i o n  of  t h e  s o l a r  c e l l  
should be made of low d i s l o c a t i o n ,  medium r e s i s t i v i t y  m a t e r i a l ,  t h e  
e p i t a x i a l  s y s t e m  w a s  now cons idered  adequate  f o r  use i n  t h e  f a b r i c a t i o n  
of  such s t r u c t u r e s .  
T h e  lower growth temperatures  were cons idered  neces-  
s a r y  t o  minimize auto-doping e f f e c t s  from t h e  low r e s i s t i v i t y  s u b s t r a t e s .  
Growth r a t e s  were kept  cons tan t  during a l l  runs ,  approximately lu/min. 
The th icknesses  of t h e  runs noted were 50 microns,  except  Run No. E-25 
which w a s  27 microns.  T h e  doping l e v e l  w a s  determined by capac i t ance  
measurements on d iodes  f a b r i c a t e d  on t h e  grown s u r f a c e .  I n  a d d i t i o n ,  a 
sample o f  Run No. E-19 w a s  beveled a t  a 1 a n g l e ,  and capac i t ance  meas- 
urements made on diodes cons t ruc t ed  on t h i s  beve l .  This  showed the  
doping l e v e l  t o  be cons tan t  i n  t h e  top  25 microns of t he  growth, being 
approximately 2 t o  3 x atoms of  boron/cm . 
0 
3 
Runs N o .  E-19 through E-25  were made on a t  most two 
1 x 2 cm blanks a t  one t ime on a carbon h e a t e r  1 x 2 i nches .  To i n c r e a s e  
the  capac i ty  o f  t he  system i n  which more b lanks  could be prepared  a t  one 
t i m e ,  i t  was decided t o  f a b r i c a t e  a l a r g e r  carbon s u s c e p t o r ,  having a 
hea ted  surface a rea  of approximately 7 i n  . Subsequent runs made em-  
p loying  t h i s  suscep to r  produced s l i c e s  wi th  growths on t h e  o r d e r  of 
O.1R-cm p-type al though of good s i n g l e  c r y s t a l  q u a l i t y .  Higher r e s i s -  
t i v i t i e s  could not be grown, a l though fou r  runs were made. The exac t  
reason f o r  t h i s  is  unknown a t  t h i s  t i m e ,  a l though i t  i s  thought  t h a t  
t h e  h ighe r  doping l e v e l s  are a r e s u l t  of i nc reased  auto-doping from the  
increased  number of s l i c e s ,  and doping from t h e  l a r g e r  s u r f a c e  area of 
2 
1 
M 
I 
I 
I 
I 
I 
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s i l i c o n  deposi ted on the  carbon h e a t e r .  A s  a r e s u l t  of t h i s  d i f f i -  
c u l t y ,  i t  was decided t o  a t tempt  f r o n t  e p i t a x i a l  growths employing 
s i l a n e .  
3 .3 .2  Pyro lys i s  of S i l ane  
The experiments were based on t h e  work r epor t ed  by. 
Mayer and Shea on the  p y r o l y s i s  of s i l a n e  (Ref. 11). Resu l t s  were i n  
f a i r  agreement w i t h  t h e i r  f i nd ings  as f a r  a s  t h e  e f f e c t s  of hydrogen- 
s i l a n e  r a t i o s ,  t o t a l  gas  v e l o c i t i e s ,  and s u b s t r a t e  temperatures  on 
growth r a t e s  (see Table 111). 
The apparent  decrease of growth r a t e  with time under 
i d e n t i c a l  flow, s i l a n e  r a t i o ,  and temperature  c o n d i t i o n s ,  as evidenced 
by runs E-41, E - 4 2 ,  and E-43, w a s  thought t o  be due t o  t h e  formation 
of a f i n e  web of  d e n d r i t i c  s i l i c o n  a t  t he  head of the  s l i c e - c a r r y i n g  
appa ra tus ,  A f t e r  approximately 15 minutes of growth,  t h i s  d e n d r i t e  
growth became apprec iab le ,  and the  gas  flowed through t h i s  web before  
reaching the s u b s t r a t e s .  A s  t h e  growth progressed  and t h e  d e n d r i t e s  
became l a r g e r ,  more s i l i c o n  a r e a  was exposed t o  t h e  s i l a n e  conta ined  
i n  the  gas  stream, decomposing i t  and,  t h u s ,  reducing the  amount of 
s i l a n e  a v a i l a b l e  a t  t h e  d e s i r e d  s u b s t r a t e .  This  c o n d i t i o n  w a s  a l l e v i -  
a t e d  by a redesign of the s u b s t r a t e  h o l d e r ,  wi th  a view toward d e t e r -  
r i n g  t h e  d e n d r i t i c  growth. 
The q u a l i t y  of t he  grown l a y e r s ,  however, w a s  no t  
s a t i s f a c t o r y .  Large numbers of  s t ack ing  f a u l t s  appeared on t h e  e p i t a x -  
i a l l y  grown su r faces  when e tched  w i t h  t h e  C r O  -HF e t c h .  T h e  number of 
s t ack ing  f a u l t s  i n  t h e  p re sen t  growths was s u b s t a n t i a l l y  h ighe r  t han  
on s i m i l a r  growths formed by the  hydrogen r educ t ion  of s i l i c o n  t e t r a -  
c h l o r i d e .  T h i s  i s  p o s s i b l y  due t o  the  f a c t  t h a t ,  i n  t he  h a l i d e  reduc- 
t i o n  process ,  t h e  growth process  i s  r e v e r s i b l e ,  ( s e e  Eq. 23)  and a 
c e r t a i n  amount of "etch back" of t he  grown l a y e r  occur s ,  keeping t h e  
number of s tacking f a u l t  s i t e s  a t  a minimum. Since t h e  p y r o l y s i s  of 
s i l a n e  reac t ion  is no t  r e v e r s i b l e  a t  t h e  tempera ture  i n  q u e s t i o n ,  
( see  Eq. 24) t h i s  "etch back" does not  occur  and t h e  number of  s t ack ing  
f a u l t  s i t e s  inc reases .  
3 
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P-N junc t ion  devices  f a b r i c a t e d  from t h e s e  h i g h l y  i m -  
p e r f e c t  e p i t a x i a l  c r y s t a l l i n e  l a y e r s  e x h i b i t  poor I - V  c h a r a c t e r i s t i c s .  
Figure 8 shows t he  c h a r a c t e r i s t i c  under forward and r eve r se  b i a s  of a 
diode f ab r i ca t ed  from a 1 by 2 cm blank inc luded  i n  run E-42. Severa l  
success ive  edge e t ch ings  d id  not  i nc rease  t h e  forward-to-back r a t i o  of 
the  t r a c e ;  t h e r e f o r e ,  it can be presumed t h a t  t h e  leakage c u r r e n t  
o r i g i n a t e s  in t h e  bulk  e p i t a x i a l  l aye r  as  bulk  recombinat ion c u r r e n t .  
Also,  an  at tempt  t o  determine the  impur i ty  p r o f i l e  of t he  e p i t a x i a l  
l aye r  of r u n  E-42 by t h e  f a b r i c a t i o n  of  d iodes  on e t ched  s t e p s  and 
subsequent capaci tance measurement f a i l e d  because of t h e  extremely 
poor q u a l i t y  of t h e  d iodes .  
Subsequent runs were a t tempted  and because of t he  
tendency toward d e n d r i t i c  growth wi th  t h e  s i l a n e  process  , e f f o r t s  
were pr imar i ly  made toward impeding t h i s  tendency by a l t e r i n g  t h e  sys -  
tem geometry and us ing  s i l i c o n  s l a b s  as  s l i c e  c a r r i e r s .  The rates of 
d e n d r i t i c  growth were reduced. However, a f t e r  growths of g r e a t e r  
than  25p, dendr i t e s  begin t o  form leaving  t h e  s u r f a c e s  of t h e  samples 
rough. 
With no doping dur ing  growth, r e s i s t i v i t i e s  of 5 to 
15Q-cm p-type have been obta ined .  This  boron dopant i s  thought  t o  
come from the Pyrex g lassware ,  s i n c e  undoped s i l a n e  growths have been 
r epor t ed  t o  be predominantly high r e s i s t i v i t y  n- type.  
3 . 4  Comparison of  t he  Three Approaches 
Of t he  t h r e e  approaches used ,  t h e  r e v e r s e  e p i t a x i a l  t echnique  
y ie lded  the  bes t  r e s u l t s  and the  m a j o r i t y  of t h e  c e l l s  submit ted t o  
GSFC f o r  r a d i a t i o n  damage eva lua t ion  were f a b r i c a t e d  i n  t h i s  manner. 
The  technique i s  no t  extremely c r i t i c a l  and i s  conducive t o  t i g h t e r  
c o n t r o l  s ince :  
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1. Formation of the  d r i f t  f i e l d  impuri ty  g r a d i e n t  is  performed 
by s o l i d  s t a t e  d i f f u s i o n ,  t he  only  c o n t r o l l a b l e  q u a n t i t i e s  
being s u r f a c e  concen t r a t ion  of  t h e  dopant , t i m e  and tempera- 
t u r e .  These a r e  a t  t h i s  t i m e  much i n v e s t i g a t e d  and accep ted  
aspec ts  of s o l i d  s t a t e  technology. 
The p l ac ing  of t he  backup mater ia l  on t h e  back s i d e  of  t he  
c e l l  i s  done by a n  e p i t a x i a l  p rocess  i n  which t h e  c o n t r o l  of 
the l e v e l  of doping impur i ty  i s  n o n c r i t i c a l .  Th i s  i s  i n  
d i r e c t  oppos i t i on  t o  t h e  f r o n t  e p i t a x i a l  approach i n  which 
the e p i t a x i a l  l a y e r  forms t h e  d r i f t  f i e l d  p o r t i o n  of  t h e  
c e l l  and i n  which the  doping l e v e l  c o n t r o l  is  ex t remely  
c r i t i c a l .  
2 .  
3 .  The removal of  t he  undes i red  p o r t i o n  of t h e  a c t i v e  p o r t i o n  
of  t he  c e l l  i s  performed by r e a d i l y  c o n t r o l l a b l e  mechanical  
lapping and chemical e t ch ing  techniques .  
Although the  aluminum a l l o y - d i f f u s e d  method y ie lded  some 
usable  c e l l s ,  the  problems encountered i n  the  a l l o y i n g  procedure tend  
t o  i n d i c a t e  t h a t  more i n v e s t i g a t i o n  would of n e c e s s i t y  have t o  be pe r -  
formed i f  t h i s  technique i s  considered i n  t h e  f u t u r e .  S ince  t h e  d r i f t  
f i e l d  i n  t h i s  device i s  a l s o  d i f f u s e d ,  and no e p i t a x i a l  p rocess  i s  
necessary  fo r  f a b r i c a t i o n  of t h e  pas s ive  backup l a y e r ,  t h e  remaining 
problem of the a l l o y i n g  procedure is t h e  only  c r i t i c a l  f a c t o r  i n  
f u t u r e  cons ide ra t ions .  
The d i s t i n c t  advantage of  t h e  f r o n t  e p i t a x i a l  approach i s  
t h e  ease  of varying t h e  d r i f t  f i e l d  c o n f i g u r a t i o n  by proper  c o n t r o l  
of t h e  dopant concen t r a t ion  during growth. This  i s  no t  impossible  
i n  e i t h e r  of o t h e r  two methods i n  which t h e  d r i f t  f i e l d  i s  formed by 
d i f f u s i o n  and a varying d r i f t  f i e l d  can be ob ta ined  by s u i t a b l e  
programming of dopant concen t r a t ion  d i f f u s i o n  t i m e  and temperature .  
However t h i s  appears  more d i f f i c u l t  t han  t h e  f r o n t  e p i t a x i a l  approach. 
On t h e  o t h e r  hand, s i n c e  t h e  e p i t a x i a l  l a y e r  forms the  a c t i v e  p o r t i o n  
of t h e  c e l l ,  i t  must o f  n e c e s s i t y  be of e x c e l l e n t  c r y s t a l l i n e  q u a l i t y ,  
and t h e  dopant concen t r a t ion  s t r i c t l y  c o n t r o l l e d .  
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4. ELECTRICAL TESTS 
The I -V characteristics under tungsten illumination of the first 
aluminum alloy-diffused sample cells submitted to Goddard Space Flight 
Center for evaluation are shown in Fig. 9 .  The conditions of their 
fabrication and results of sun measurements are shown in Table IV. 
The sun measurements were made using an Eppley collimated pyrheliome- 
ter to monitor the incoming energy and a Boonton 0.1 percent milliam- 
meter to measure the short circuit current. The extrapolation of the 
short circuit current I to 100 mw/cm incoming energy was performed 
as a simple ratio, assuming the relation of I to incoming intensity 
to be linear. The cause of the relatively high percentage increase 
of the I in sunlight over tungsten was thought to be primarily due 
to a combination of the increased effectiveness of the drift field, 
the theory presented in Fig. 3,  and the silicon monoxide antireflec- 
tion coatings which were optimized for sunlight rather than a 2,800 K 
tungsten source. 
2 
SC 
sc 
sc 
0 
The I -V characteristics of the second group of samples submitted 
f o r  evaluation are shown in Fig. 10. No sunlight measurements were 
performed upon the suggestion of the contract monitor, who indicated 
that spectral response measurements would be more meaningful at that 
time. Since the spectral response measuring equipment was not in op- 
eration at Electro-Optical Systems at that time, Goddard Space Flight 
Center offered to perform the measurements. 
Figure 11 shows the output characteristics of the first samples 
of reverse epitaxial cells submitted to Goddard Space Flight Center 
for evaluation. Unfortunately, measurements in sunlight could not be 
made due to bad weather conditions. 
Subsequent samples of drift field cells fabricated via the reverse 
epitaxial technique are listed in Tables V, VI and VII. Cells with the 
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TABLE IV 
TEST DATA ON FIRST SAMPLES 
Efficiency in tungsten light 
I in tungsten at 100 m/cm 
Incoming sunlight energy, in 
2 
SCequivalent in ma 
ISC 
mw/cm2 
in sunlight in ma 
in sunli ht corrected to 
ISC 100 m/cm 3 incoming energy 
in ma 
Apparent percentage increase 
in sunlight over tungs ten 
Fabrication condition 
437 0-Final 
A2-8 -
6.2% 
36.0 
89.4 
36 .O 
40.5 
11 .o  
No boron 
predeposit 
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Cell No. 
A3-8 -A3-2 -
7.9% 4.2% 
40.0 14.2 
89.5 89.5 
38 .o 14.5 
42.5 16.2 
6.0 12 .o 
Boron pre- No boron 
deposition predeposit 
high resis- 
tivity slice 
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I-V CHARACTERISTICS OF EPITAXIAL 
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p r e f i x  l e t t e r  of C a r e  t h e  c o n t r o l  c e l l s ,  t h o s e  w i t h  p r e f i x  l e t t e r -  
numbers E33 are  t h e  g a s  impur i ty  c e l l s ,  and t h o s e  w i t h  le t te r -numbers  
E34 and E35 a r e  t h e  c e l l s  f a b r i c a t e d  a f t e r  t h e  g a s  i m p u r i t y  s i t u a t i o n  
w a s  r e c t i f i e d .  It  i s  e v i d e n t  t h a t  t h e  s h o r t  c i r c u i t  c u r r e n t  d e n s i t y  
i n  s u n l i g h t  i l l u m i n a t i o n  of t h e  good ce l l s  i s  e q u a l  t o  o r  b e t t e r  t h a n  
t h e  c o n t r o l  cel ls ,  w h i l e  t h e  c u r r e n t  d e n s i t y  of t h e  seven  g a s  impur i ty  
c e l l s  i s  e q u a l  t o  about  7 5  p e r c e n t  of t h e  c o n t r o l  c e l l  c u r r e n t  d e n s i t y .  
S i n c e  t h e  c o n t r o l  c e l l s  y i e l d e d  convers ion  e f f i c i e n c i e s  no g r e a t e r  
t h a n  9 . 6  p e r c e n t ,  i t  was n o t  expected t h a t  d r i f t  c e l l s  would y i e l d  e f -  
f i c i e n c i e s  h i g h e r  t h a n  t h i s ;  t h e  h i g h e s t  v a l u e  observed b e i n g  9 . 3  per- 
c e n t ,  and t h e  lowest  6 . 5  p e r c e n t .  Although i t  is  n o t  r e p r e s e n t a t i v e  
t o  a n a l y z e  t h e  r e s u l t s  of on ly  37 c e l l s  on a s t a t i s t i c a l  b a s i s ,  a pre- 
l i m i n a r y  e v a l u a t i o n  shows t h e  mean c e l l  t o  be 7.7 p e r c e n t ,  t h e  median 
c e l l  as 7.6 p e r c e n t  and t h e  modal c e l l  about  7 . 4  p e r c e n t .  T h i s  would 
i n d i c a t e  a Gaussian d i s t r i b u t i o n  w i t h  a s l i g h t  skew toward t h e  lower 
v a l u e  end. I n  c a l c u l a t i n g  t h e  e f f i c i e n c i e s  of 1 x 2 c m  ce l l s ,  t h e  
act ive area w a s  t a k e n  t o  b e  1.85 cm , w h i l e  t h e  act ive area of 1 x 1 
c m  ce l l s  w a s  t a k e n  a s  0.85 cm , s i n c e  t h e  c o n t a c t  s t r i p  and g r i d  a r e a  
i s  only  0.15 cm2 on b o t h  t y p e s  of c e l l s .  
edge chipping.  
2 
2 
No a l lowance  was '  made f o r  
A t  t h e  t i m e  t h e  e p i t a x i a l  c e l l s  were b e i n g  f a b r i c a t e d ,  s p e c t r a l  
response  measuring equipment w a s  i n  t h e  p r o c e s s  of be ing  assembled. 
The a p p a r a t u s  c o n s i s t e d  p r i m a r i l y  of a n  Aminco s i n g l e - p a s s  d o u b l e - s l i t  
monochrometer, and a t u n g s t e n ,  q u a r t z  envelope i o d i n e  atmosphere l a m p  
o p e r a t e d  a t  3,400°K. The d a t a  taken  on t h e  e p i t a x i a l  c e l l s  were cor- 
r e c t e d  f o r  c o n s t a n t  energy by u s e  of a s t a n d a r d  s o l a r  c e l l  w i t h  a known 
s p e c t r a l  response.  The r e s u l t s  a r e  shown i n  F i g .  12. 
S ince  t h e  curves  are n o t  normalized,  i t  is obvious t h a t  a s h i f t  
of t h e  peak response  i n t o  t h e  b l u e  p o r t i o n  of t h e  spectrum i s  occur- 
r i n g .  The most s a l i e n t  f e a t u r e  i s  t h e  narrowness of t h e  c u r v e s  com- 
pared t o  the  s t a n d a r d  c e l l ,  t h e  dropoff  i n  t h e  r e d  be ing  most proba- 
b l y  due t o  l o s s  of m i n o r i t y  carr ier  l i f e t i m e  deeper  i n  t h e  c e l l  due 
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t o  t h e  higher  boron concentrat ion.  
haps due t o  a d e e p e r  junc t ion .  
The dropoff i n  t h e  b lue  i s  per- 
Measurements w e r e  a l s o  taken on a number of f i e l d - f r e e  c o n t r o l  
c e l l s  f ab r i ca t ed  from mate r i a l  s imi la r  t o  the  25R-cm m a t e r i a l  used on 
the  e p i t a x i a l  d r i f t  cel ls .  
Figure 13 shows t h e  s p e c t r a l  response of fou r  types  of cells .  
1. C-1A is  a c o n t r o l  c e l l  as descr ibed above 
2. E26-4A is one of the reverse  e p i t a x i a l  d r i f t  f i e l d  cel ls  
3. B-43A5 is an EOS d i f fused  d r i f t  f i e l d  c e l l  wi th  approxi- 
mately 100~ d r i f t  f i e l d  reg ion  
4. Is a s tandard n-on-p ce l l  
The l o s s  of red response of the e p i t a x i a l  c e l l  compared t o  t h e  c o n t r o l  
c e l l  i s  apparent.  The c h a r a c t e r i s t i c  of t h e  d i f fused  d r i f t  c e l l ' i n -  
d i c a t e s  c o l l e c t i o n  from deeper wi th in  t h e  c e l l ,  most probably due t o  
the  deeper a id ing  f i e l d  compared t o  the  shal lower e p i t a x i a l  c e l l .  
To ga in  i n s i g h t  i n t o  t h e  loss of red response on t h e  d r i f t  f i e l d  
c e l l s ,  it w a s  decided t o  f a b r i c a t e  another  group of c o n t r o l  c e l l s .  
These c e l l s ,  l abe led  C-3, were f ab r i ca t ed  by p r e c i s e l y  t h e  same pro- 
cedure and from t h e  same material as t h e  c o n t r o l  cells of C-1 series, 
except t h a t  t h e  back contac t  boron tack-on d i f f u s i o n  w a s  no t  performed. 
Comparing t h e  s p e c t r a l  response c h a r a c t e r i s t i c s  ( c e l l  C-1A i n  Fig. 1 3  
and c e l l  C-3B i n  Fig. 14) ,  i t  is  e n t i r e l y  poss ib l e  t h a t  t h e  e x t r a  hea t  
t reatment  requi red  f o r  the  back contac t  boron tack-on d i f f u s i o n  i s  re- 
spons ib le  f o r  t h e  l o s s  of red response of c e l l  C-1A over  C-3B. 
D r i f t  f i e l d  c e l l s ,  of necess i ty ,  r ece ive  a t  least  t h r e e  (and some- 
t i m e s  four )  hea t  t rea tments  a t  temperatures g r e a t e r  than  1000°6. It 
is  h ighly  probable t h a t  these  repeated hea t  t rea tments  are t h e  cause 
of l o s s  of minor i ty  c a r r i e r  l i f e t i m e  which r e s u l t  i n  t h e  poor red  re- 
sponse. 
A comparison can a l s o  be made between t h e  s p e c t r a l  response of a 
sample c e l l  f a b r i c a t e d  wi th  the s t r a i n s  r e s u l t i n g  from t h e  "gas i m -  
pur i ty"  condi t ion  and a sample of t h e  l a tes t  e p i t a x i a l  c e l l s  (see 
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curve  of c e l l  E26-4A i n  Fig.  13, and c e l l E 3 4 - 2 G  i n  F ig .  14). The 
s t r a i n e d "  c e l l  h a s  a low, f l a t  response  from 0.65 t o  0.8 micron;  
whereas t h e  "nonstrained" ce l l ,  a l though p o s s e s s i n g  much less r e d  
response  t h a n  e i t h e r  a s tandard  n-on-p o r  a c o n t r o l  c e l l ,  h a s  a def -  
i n i t e  broad peak a t  0.75 micron. 
I 1  
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5 .  RADIATION DAMAGE EXPERIMENTAL RESULTS 
5 . 1  F i r s t  Group of Radia t ion  Data 
Table V I 1 1  s u m a r i z e s  t h e  r e s u l t s  and o f f e r s  a b a s i s  of 
comparing the v a r i o u s  d r i f t  ce l l s  a g a i n s t  two RCA s t a n d a r d  n-on-p 
f i e l d - f r e e  c e l l s .  For  each ce l l  f o u r  items a r e  l i s t e d  f o r  each con- 
d i t i o n  (e .g . ,  b e f o r e  i r r a d i a t i o n  and a f t e r  each subsequent  1 M e V  , 
e l e c t r o n  dose).  The f i r s t  i t e m  i s  t h e  curve  power f a c t o r  g iven  i n  
p e r c e n t ,  which can be expressed  as 
max P CPF = 
I S C '  voc 
The CPF would i n d i c a t e  any degrada t ion  o r  change i n  t h e  shape of 
each c e l l  a f t e r  each s u c c e s s i v e  dose of r a d i a t i o n  due t o  an i n c r e a s e  
i n  t h e  "A" f a c t o r  of t h e  d iode  e q u a t i o n  o r  an i n c r e a s e  i n  t h e  series 
r e s i s t a n c e .  
The second and t h i r d  i t e m s  of t h e  t a b l e  l i s t  t h e  s h o r t  
c i r c u i t  c u r r e n t  I and t h e  open c i r c u i t  v o l t a g e  V o f  each ce l l  
f o r  each success ive  i r r a d i a t i o n .  The l a s t  i t e m  i n d i c a t e s  t h e  per-  
cen tage  of maximum power P r e t a i n e d  by each c e l l  a f t e r  each  
i r r a d i a t i o n  compared t o  i t s  i n i t i a l  P 
s c  oc  
max 
max 
A comparison of t h e  CPF of a l l  c e l l s  i n d i c a t e s  t h a t  no 
a p p r e c i a b l e  degrada t ion  of t h e  shape of t h e  I - V  c h a r a c t e r i s t i c  
occurs .  
has  degraded from 73 t o  69 shows t h e  s l o p e  of t h e  i n i t i a l  c o n d i t i o n  
16 p l o t  t o  b e  p a r a l l e l  t o  t h e  I - V  curve p l o t  of  t h e  ce l l  a f t e r  2 x 10 
t o t a l  e l e c t r o n s  (see Fig .  1 5 ) .  The s l i g h t  CPF d e g r a d a t i o n  i s  appar- 
e n t l y  due not t o  an i n c r e a s e  of the  d iode  e q u a t i o n  "A" f a c t o r  a t  t h e  
knee of t h e  I-V c h a r a c t e r i s t i c  curve,  b u t  perhaps  t o  an i n c r e a s e  of  
A p l o t  of l o g  ( I sc- I )  v e r s u s  V of  c e l l  E26-la whose CPF 
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55 
t h e  s e r i e s  r e s i s t a n c e  of t h e  c e l l  o r  an i n c r e a s e  of  t h e  s h u n t  c u r r e n t  
o r  s a t u r a t i o n  c u r r e n t ,  each of  which would c o n t r i b u t e  t o  a degraded 
CPF. However, t h e s e  i n c r e a s e s  a r e  n o t  e v i d e n t  from t h e  s u p p l i e d  I-V 
curves  due to t h e  compressed scales ,  b u t  would be  so ,  i f  p r e s e n t ,  i n  
an a c c u r a t e  point-by-point measurement. 
The most s i g n i f i c a n t  p o i n t  i n  the  comparison of  t he  aluminum 
a l l o y  d i f f u s e d  c e l l s  (p re f ix .A2  t o  A9) i s  t h e  obvious complete degra-  
d a t i o n  of the two ce l l s  of  t he  A9 ser ies  (worse t h a n  t h e  s t a n d a r d  n- 
on-p i n  pe rcen t  of P r e t a i n e d )  compared t o  t h e  A 2 ,  A3 and A6 ce l l s  
( s l i g h t l y  b e t t e r  than t h e  n-on-p i n  P r e t a i n e d ) .  C e l l s  A2-8,  
A3-2, and A6-5 were f a b r i c a t e d  from material  s u p p l i e d  by a m a n u f a c t u r e r  
d i f f e r e n t  from t h a t  which s u p p l i e d  t h e  material f o r  t h e  A9 ser ies .  
max 
max 
I n  comparing t h e  reverse e p i t a x i a l  c e l l s  of  t h e  E26 series 
t o  bo th  t h e  aluminum a l ! o y  d i f f u s e d  c e l l s  and t h e  RC'A f i e l d  f r e e  c e l l s ,  
i t  i s  ev iden t  t h a t  t h e  e p i t a x i a l  c e l l s  a r e  s u p e r i o r  i n  p e r c e n t  o f  P 
r e t e n t i o n .  A f t e r  5 x 10 e l e c t r o n s ,  t h e  b e s t  of  t h e  e p i t a x i a l  c e l l s  
have r e t a i n e d  70 p e r c e n t  of maximum power as opposed t o  o n l y  50 p e r c e n t  
16 r e t e n t i o n  by t h e  f i e l d - f r e e  ce l l s .  P r o p o r t i o n a t e l y ,  a f t e r  2 x 10 
e l e c t r o n s  the e p i t a x i a l  c e l l s  r e t a i n e d  on t h e  ave rage  o f  60 p e r c e n t  
of t h e i r  power compared t o  on ly  40 p e r c e n t  by t h e  f i e l d - f r e e  cells .  
Consider ing t h e  a b s o l u t e  e f f i c i e n c i e s ,  t h e  b e s t  e p i t a x i a l  
max 15 
ce l l s  have an average conve r s ion  e f f i c i e n c y  of 4 .5  p e r c e n t  a f t e r  
2 x 1 O I 6  e l e c t r o n s ,  which i s  comparable t o  t h e  RCA f i e l d - f r e e  ce l l s ;  
however, t he  i n i t i a l  e f f i c i e n c y  o f  t h e  d r i f t  ce l l s  w a s  between 7 t o  8 
p e r c e n t  compared t o  approximately 11 p e r c e n t  f o r  t h e  f i e l d - f r e e  ce l l s .  
C e l l  E26-la s t i l l  p o s s e s s e s  an e f f i c i e n c y  of  4 .8  p e r c e n t  a f t e r  2 x 10 
e l e c t r o n s  with an i n i t i a l  e f f i c i e n c y  of  8.2 p e r c e n t  compared t o  4.6 
p e r c e n t  and 11.4 p e r c e n t  r e s p e c t i v e l y  of  t h e  b e s t  f i e l d - f r e e  c e l l .  
16 
5 . 2  Second Group of R a d i a t i o n  Data 
Analysis of t h e  second group o f  r a d i a t i o n  damage d a t a  re- 
c e i v e d  w a s  d ivided i n t o  t h r e e  c a t e g o r i e s :  
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1. An a n a l y s i s  of s h o r t  c i r c u i t  c u r r e n t  degrada t ion .  
2. A p r e l i m i n a r y  s t u d y  of t h e  d iode  e q u a t i o n  “A” f a c t o r  and 
consequent s a t  u r a  t i on c u r r e n t  change w i t h  i n  cre as ed r a d i  a- 
t i o n  f l u x  and t h e i r  combined e f f e c t  on open c i r c u i t  v o l t a g e  
de g r a d a t i o n .  
3. An a n a l y s i s  of t h e  l o s s  i n  t o t a l  e f f i c i e n c y .  
5 .2 .1  S h o r t  C i r c u i t  Current  Depradat ion 
A s  would b e  expected,  an e l e c t r o s t a t i c  f i e l d  incor -  
p o r a t e d  i n  t h e  b a s e  reg ion  o f  a s o l a r  ce l l  a i d s  i n  the c o l l e c t i o n  of 
m i n o r i t y  c a r r i e r s  genera ted  i n  t h i s  r e g i o n .  A f t e r  ex t remely  l a r g e  
doses  of  r a d i a t i o n ,  > 1015 p a r t i c l e s ,  t h e  s h o r t  c i r c u i t  c u r r e n t  i n  
f i e l d - f r e e  s o l a r  c e l l s  degrades due t o  l o s s  of m i n o r i t y  car r ie r  l i f e -  
t i m e  by an i n c r e a s e d  recombination rate. C o l l e c t i o n  of m i n o r i t y  
carriers i n  d r i f t - f i e l d  ce l l s ,  on t h e  o t h e r  hand, i s  n o t  t o t a l l y  de- 
pendent  on l i f e t i m e ,  the  f i e l d  a i d i n g  i n  t h e  carr ier  c o l l e c t i o n  to 
some e x t e n t  i n i t i a l l y ,  a n d  more so  a f t e r  a h igh  percentage  of t h e  
l i f e t i m e  h a s  been reduced by r a d i a t i o n .  
This  theory  was s u b s t a n t i a t e d  s t r o n g l y  by t h e  e x p e r i -  
mental  r e s u l t s .  Figure 16 shows t h e  p e r c e n t  o f  s h o r t  c i r c u i t  c u r r e n t  
r e t a i n e d  a f t e r  s u c c e s s i v e  i r r a d i a t i o n  on t h e  a r i t h m e t i c a l l y  mean c e l l  
of  t h e  s u p p l i e d  d a t a .  The fol lowing i s  a l i s t  of ce l l s  of  each manu- 
f a c t u r e r  on which t h e  mean w a s  computed: 
EOS Cel ls  34-2A5, 34-2D, 34-3A, 34-3C, 34-3E, 35-1C, 35-28, 
35-2E, 35-2C, 35-3A, and 35-3D 
H e l i o t e k  Cells 23, 24 ,  25, 31, 32, 33, 3 4 ,  35, and 36 
Texas I n s t .  Cells 4,  21, 22, 24, 26, 28, 30, 35, 38, and 39 
RCA (100) C e l l s  261, 273, 274, 270, 271, 272, 269, 267, 268, 
279, and 280 
RCA (111) and (110) Cells 201, 206, 208, 209, 212, and 216 
Radia t ion  damage d a t a  on t h e  cel ls  of t h e  o t h e r  manu- 
f a c t u r e r s  was provided concurren t ly  w i t h  d a t a  from EOS ce l l s  by t h e  
c o n t r a c t  monitor  f o r  a b a s i s  of comparison. 
I 
8 
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Electro-Optical  Systems, Inc.  Cells 33-1B, 33-2B, 
33-3B, 34-1D, and 34-1E were not considered i n  the  d a t a  grouping 
s i n c e  these c e l l s  were fabr ica ted  under the  e p i t a x i a l  ' 'ni trogen gas 
leak  condition" explained above. 
It should be noted i n  Fig.  16 t h a t  t he  EOS mean ce l l  
has  re ta ined  80 percent  of t he  o r i g i n a l  s h o r t  c i r c u i t  cur ren t  a f t e r  
10l6 1 Mev e l ec t rons .  w a s  
r e t a ined  by the Hel iotek and-TI d r i f t  cells and (111) and (110) RCA 
s tandard  f i e ld - f r ee  cells, and only 42 percent  by (100) RCA s tandard  
cells.  The an i so t rop ic  behavior of the RCA c e l l s  cannot be explained 
a t  p re  s e n t  . 
In  comparison, only 60 percent  of the  I 
S C  
The s tandard devia t ion ,  u ,  w a s  ca l cu la t ed  as 
/a 
N u =  
where X = devia t ion  from ar i thmet ic  mean (X - ?) 
N = t o t a l  number of c e l l s  
the  s ign i f i cance  of a being tha t  68 percent  of t he  values  l i e  wi th in  
a and 95 percent  l i e  within 20. The f a c t  t h a t  t he  value of a f o r  
both the EOS and Hel iotek c e l l s  i s  small a t  10l6 e l e c t r o n s  tends t o  
i n d i c a t e  t h a t  some measure of  process con t ro l  has been achieved. 
However, s i n c e  the EOS mean c e l l  i s  approximately 20 percent  h ighe r  
i n  I re t en t ion  a t  t h i s  rad ia t ion  f l u x  than the Hel iotek mean c e l l ,  
i nd ica t ions  a re  t h a t  a more optimum field-depth r a t i o  has been at-  
t a ined  i n  the  EOS c e l l .  Because of t he  high value of u for t he  T I  
c e l l s ,  no conclusions can be made f o r  t hese  samples a t  present .  
s c  
Another f a c t  which i n d i c a t e s  an optimum field-depth 
r a t i o  i n  the  EOS cel ls  i s  the  small degradation of the  quantum y i e l d  
as a func t ion  of t o t a l  r ad ian t  f l u x  a t  t h e  longer  wavelengths. Electro-  
Opt ica l  Systems c e l l s  34-2A through 35-2E e x h i b i t  s m a l l  percentages of 
degradation throughout t he  spectrum. Cells 35-2C, 35-38, and 35-3D 
e x h i b i t  a h igher  percentage loss  i n  the red po r t ion  of t h e  spectrum 
due t o  the f a c t  t h a t  the c e l l s  were lapped and e tched  more during 
I 
I 
8 
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f a b r i c a t i o n ,  thus p l a c i n g  t h e  j u n c t i o n  f a r t h e r  i n  t h e  d i f f u s e d  f i e l d  
reg ion  and, consequent ly ,  i n t o  lower r e s i s t i v i t y  m a t e r i a l .  This  
c o r r e l a t e s  with t h e  f a c t  t h a t  t h e s e  t h r e e  ce l l s  p o s s e s s  i n i t i a l  open 
c i r c u i t  vo l tages  of 550 m i l l i v o l t s ,  as opposed t o  lower open c i r c u i t  
v o l t a g e s  f o r  t h e  f o m r  c e l l s .  The l o s s  o f  red  response  i n  t h e  l a t t e r  
c e l l s  would tend t o  i n d i c a t e  t h a t  a p e r c e n t a g e  of  photon a b s o r p t i o n ,  
g e n e r a t i o n  and c o l l e c t i o n ,  was e v i d e n t  i n  t h e  f i e l d - f r e e  r e g i o n  beyond 
t h e  d r i f t  f i e l d  p r i o r  t o  i r r a d i a t i o n  ( s e e  F i g s .  17  and 18). 
F u r t h e r  evidence of  t h i s  f a c t  i s  g iven  upon consid- 
e r a t i o n  of  Hel io tek  d r i f t - f i e l d  ce l l s  numbers 2 3  through 3 6 ,  which 
e x h i b i t e d  an i n i t i a l  h i g h  response beyond t h e  0 . 8 ~  r e g i o n  w i t h  sub- 
sequent  l o s s  of  t h i s  response a f t e r  i r r a d i a t i o n .  A s  s t a t e d  i n  
H e l i o t e k  progress  r e p o r t s  (Ref. 1 6 ) ,  t h e  d r i f t  f i e l d  t h i c k n e s s  i n  
t h e s e  cel ls  was on t h e  o r d e r  of 30 microns o r  less,  and t h e  l o s s  of  
r e d  response would i n d i c a t e  a b s o r p t i o n  and i n i t i a l  c o l l e c t i o n  from 
beyond t h e  f i e l d  reg ion .  T I  has  shown t h a t  approximately 30 p e r c e n t  
of 0 . 9 ~  wavelength photons are absorbed a t  d i s t a n c e s  g r e a t e r  t h a n  
30 microns below t h e  s u r f a c e  i n  s i l i c o n ,  t h i s  p e r c e n t a g e  i n c r e a s i n g  
w i t h  l o n g e r  wavelengths (Ref.  1 2 ) .  Both t h e  H e l i o t e k  d r i f t  f i e l d  
ce l l s  and the t h r e e  mentioned EOS ce l l s  tend  t o  i n d i c a t e  t h i s  t o  be 
t r u e  and, t h e r e f o r e ,  i t  seems e m p i r i c a l l y  probable  from t h i s  ev idence  
t h a t  an optimum d r i f t  f i e l d  t h i c k n e s s  i s  a t  l e a s t  50 microns.  
5 .2 .2  Open C i r c u i t  Voltage Degradat ion 
Evidence i n  F ig .  19,  which p l o t s  p e r c e n t  of open 
c i r c u i t  vo l tage  r e t a i n e d  v e r s u s  t o t a l  r a d i a t i o n  f l u x ,  i n d i c a t e s  t h a t  
t h e  (ill), (110) RCA f i e l d - f r e e  c e l l s  show a s h a l l o w e r  s l o p e  i n  Voc 
degrada t ion  than any of  t h e  d r i f t - f i e l d  c e l l s ,  t h e  (100) RCA ce l l s  
having a s l o p e  approximately e q u a l  t o  t h a t  o f  t h e  d r i f t  ce l l s .  Con- 
t r a s t i n g  t h i s  in format ion  w i t h  F ig .  16 would l e a d  one t o  b e l i e v e  t h a t  
t h e  open c i r c u i t  v o l t a g e  i s  s t r o n g l y  dependent on f a c t o r s  o t h e r  t h a n  
t h e  l i g h t  generated c u r r e n t .  
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F I G ,  18 QUANTUM YIELD VERSUS WAVELENGTH RESPONSE BEFORE 
AND AFTER SUCCESSIVE IRRADIATIONS 
I. I 
I .o 
+TOTAL FLUX 
F I G .  19 MEAN CELL OF EACH MANUFACTURER PERCENT OPEN 
C I R C U I T  VOLTAGE RETAINED 
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I n  Figs .  20 and 2 1 ,  the  log  II-Iscl versus  vo l t age  
p l o t s  are considered, both before and a f t e r  i r r a d i a t i o n  of EOS c e l l  
E34-2A, which has  a Voc r e t en t ion  of 89 pe rcen t ,  and c e l l  E35-2C, 
which r e t a i n s  only 82 percent  of i t s  open c i r c u i t  vo l tage .  Consid- 
e r i n g  cell  E34-2A, the  s lopes  of t he  log  II-Iscl versus  vol tage  p l o t  
apparent ly  do n o t  change before and a f t e r  i r r a d i a t i o n .  Using t h e  
empir ica l  value of 10 amperes f o r  I i n  Fig.  3 be fo re  i r r a d i a t i o n  
and so lv ing  f o r  A i n  Eq. 16, a value of  1.37 i s  obta ined .  Af t e r  
i r r a d i a t i o n ,  c e l l  E34-2A has an I value of 4 x 10 and a r e s u l t i n g  
A f a c t o r  o f  1.38. - 
-7 
0 
-7 
0 
Solving f o r  A with values  of I of  5 x and 
0 
1.5 x obta ined  from Fig. 2 1  before  and a f t e r  i r r a d i a t i o n ,  re- 
s p e c t i v e l y ,  f o r  ce l l  E35-2C, values of A of 1.8 and 2.2 are obtained.  
These examples a r e  chosen as r ep resen ta t ive  of t he  two d i s t i n c t  groups 
of EOS c e l l s  mentioned i n  Subsection 5.2.1, e.g. ,  those  wi th  an 
i n i t i a l l y  low V and g r e a t e r  r e t en t ion ,  and those wi th  an i n i t i a l l y  
h igher  open c i r c u i t  vo l tage  and less r e t e n t i o n .  
oc  
S i m i l a r  p l o t s  of l og  II-Iscl of t h e  RCA c e l l s  show 
a decrease of A f a c t o r  and consequent decrease of  I a f t e r  i r r a d i a t i o n  
(Figs .  22 and 23).  This anomalous r e s u l t  cannot be expla ined  a t  
p re sen t ,  except  perhaps by the f a c t  t h a t  t h e  d a t a  w a s  taken from t h e  
compressed curves suppl ied  by GSFC. 
0 
Resul t s  of ca l cu la t ions  of  T from Eq. 20 f o r  c e l l s  
E34-2A and E35-2C using values  of w taken from graphs given by Ref. 1 3  
under zero b i a s  condi t ions  and assuming t h e  j u n c t i o n  p o t e n t i a l  a t  0.7 
v o l t  a r e  shown i n  Table I X .  The va lue  of base impuri ty  concen t r a t ion  
-3 -3 w a s  taken t o  be 5 x l O I 4  atoms cm f o r  c e l l  E34-2A and 10l6 atoms cm 
f o r  c e l l  E35-2C. The values  obtained f o r  T i n  t h e  immediate v i c i n i t y  
of the junc t ion  are reasonable and i n  f a i r  agreement wi th  publ i shed  
da ta  (Refs.  14 and 15) .  
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RCA CELL NO. 270 (100) 
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RCA CELL NO. 208 (110) 
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C e l l  
Number 
~~ 
E34-2A 
E 3 5 - 2 C  
TABLE IX 
CALCULATIONS OF MINORITY CARRIER LIFETIME T 
BEFORE AND AFTER IRRADIATION 
before 
a f t e r  
1 . 2  x 10 16 
electrons 
before 
a f t e r  
1 . 2  x 10 16 
electrons 
I o  
amps 
4 x amps 
5 x amps 
1 .5  x amps 
R 
1.5 x cm 
5 x cm 
7 
~~ 
3 x secs 
3 x secs 
2 x secs 
3 x secs 
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Electro-Optical  Systems c e l l s  E34-2A through E35-2E, 
which e x h i b i t  a r e l a t i v e l y  s m a l l  decrease i n  Isc, Voc,  and consequent 
e f f i c i e n c y  and show l i t t l e  o r  no inc rease  i n  A f a c t o r ,  obviously 
possess  an e f f e c t i v e  d r i f t  f i e ld .  Since i n  these  c e l l s  the c o l l e c t i o n  
of generated c a r r i e r s  i s  not  heavi ly  dependent on minori ty  carrier l i f e -  
t i m e  T, w e  m u s t  cons ider  an effective T which shows l i t t l e  change a f t e r  
i r r a d i a t i o n  with no consequent change i n  A f a c t o r  nor I . Opposed t o  
t h i s  are the  three  nonoptimum c e l l s  which e x h i b i t  a l o s s  of red response,  
a g r e a t e r  l o s s  i n  e f f i c i e n c y ,  and a l o s s  of  t rue  minori ty  c a r r i e r  l i f e -  
t i m e  T ,  on which t h e i r  generated c a r r i e r  c o l l e c t i o n  i s  dependent, as 
evidenced by the inc rease  i n  I and A f a c t o r  and consequent g r e a t e r  
degradation of V a f t e r  i r r a d i a t i o n .  
0 
0 
oc 
This  ca l cu la t ion  i s  of g r e a t  importance and i n d i c a t e s  
t h a t  the open c i r c u i t  vo l tage  degradation i s  p r e d i c t a b l e  and under- 
s tandable  f o r  some s e l e c t e d  c e l l s .  
I n  the  ca l cu la t ion ,  i t  w a s  assumed t h a t  I ( the  junc t ion  
0 
leakage cu r ren t )  i s  due t o  generation i n  the  junc t ion  space charge 
region. I w a s  es t imated  before and a f t e r  i r r a d i a t i o n  by r e p l o t t i n g  
the Goddard I-V c h a r a c t e r i s t i c s  on a semilog p l o t .  
0 
The values of T found from t h i s  ca l cu la t ion  agree w e l l  
wi th  what i s  t o  be expected from previous publ ished da ta .  For example, 
c e l l  E34-2A had a l i f e t i m e  of 3 x 
8 x 
I - V  c h a r a c t e r i s t i c s .  These values correspond t o  e l e c t r o n  d i f f u s i o n  
lengths  of 1 1 0 ~  and 55u respec t ive ly  and show reasonable agreement wi th  
previous da t a  f o r  L under these condi t ions (Refs. 14 and 15) .  
seconds before  i r r a d i a t i o n ,  and 
seconds a f t e r  1 .2  x 1 0 l 6  e l e c t r o n  f l u x  as computed from the  
P 
5.2.3 Tota l  Eff ic iency Degradation 
Figure 24 shows the  degradat ion of absolu te  e f f i c i e n c y  
wi th  increased  f l u x  of the mean c e l l  of each manufacturer.  The a r i t h -  
metic mean w a s  ca l cu la t ed  on t h e  same samples mentioned above. It i s  
apparent from the  shallower slope of the  EOS ce l l s  t h a t  a more optimum 
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field-depth r a t i o  e x i s t s ,  with t h e  small value of  o again denot ing 
g r e a t e r  process  con t ro l .  The l a r g e r  value of  u f o r  t h e  Hel io tek  c e l l s  
stems from the  l a r g e r  f luc tua t ion  of V r e t en t ion .  This extremely 
wide v a r i a t i o n  i n  the T I  c e l l s  i s  commensurate wi th  the  l a r g e  value 
of u i n  I r e t en t ion .  A point  t o  no te  i s  the  more shallow s lope  of  
t he  EOS cells a t  t he  10l6  e l e c t r o n  f l u x  level, and it would be in- 
t e r e s t i n g  t o  see how these  c e l l s  would behave a t  s t i l l  l a r g e r  f l u x  
levels, s o  t h a t ,  even though s tandard cells  (such as t h e  RCA samples) 
have h ighe r  i n i t i a l  values  of conversion e f f i c i e n c y ,  t h e  optimized 
18  d r i f t  f i e l d  cel ls  should remain more e f f i c i e n t  a f t e r  lo1’ and 10 
p a r t i c l e s .  
oc 
sc  
4 370-Fin a1 69 
6 .  COMPARISON OF EXPERIMENTAL RESULTS TO THEORETICAL CALCULATIONS 
The experimental  r e s u l t s  of i r r a d i a t i o n s  performed a t  GSFC i n d i c a t e  
t h a t  an optimum f i e l d  th ickness  e x i s t s  i n  t h e  v i c i n i t y  o f  a t  l e a s t  50 
microns.  
more degradat ion w i t h  increased  r a d i a t i o n  f l u x  due t o  a b s o r p t i o n  of 
photons and g e n e r a t i o n  of  c a r r i e r s  beyond t h e  f i e l d  r e g i o n .  Since 
t h e  subsequent c o l l e c t i o n  of t h e s e  c a r r i e r s ,  genera ted  o u t s i d e  t h e  
f i e l d  region,  i s  l i f e t i m e  dependent, t h e  c o l l e c t i o n  e f f i c i e n c y  drops 
due t o  absence of  an a i d i n g  f i e l d .  Those c e l l s  possess ing  f i e l d  
th icknesses  of 50 microns e x h i b i t e d  less  degrada t ion  of  s h o r t  c i r c u i t  
c u r r e n t  due t o  t h e  absorp t ion  of t h e  m a j o r i t y  of  photons and genera-  
t i o n  of  c a r r i e r s  w i t h i n  t h e  a i d i n g  f i e l d .  
Ce l l s  w i t h  f i e l d  reg ions  < 50 microns e x h i b i t  r e l a t i v e l y  
This  experimental  d a t a  agrees  w e l l  w i t h  t h e  computer c a l c u l a t e d  
d a t a  i n  t h e  f a c t  t h a t  a f i e l d  th ickness  minimum of  approximately 50 
microns i s  i n d i c a t e d  i n  both i n s t a n c e s .  S ince  t h e  f o r c i n g  i n t e g r a l  
was assumed t o  be n e g l i g i b l e  beyond t h e  f i e l d  reg ion  i n  t h e  s o l u t i o n  
of  t h e  equat ion,  a s i m i l e  e x i s t s  between t h e  c a l c u l a t e d  da ta  and ex- 
per imental  r e s u l t s .  I n  t h e  c e l l s  w i t h  t h i n  f i e l d  reg ions ,  t h e  c o l l e c -  
t i o n  e f f i c i e n c y  i n  t h e  f i e l d  f r e e  reg ion  quick ly  degraded upon i r r a d i a -  
t i o n ,  so  t h a t  i n  essence the  g e n e r a t i o n  and c o l l e c t i o n  of  c a r r i e r s  i n  
t h i s  region was n e g l i g i b l e ,  t h e  only c o n t r i b u t i o n  t o  s h o r t - c i r c u i t  
c u r r e n t  coming from t h e  t h i n  f i e l d  a ided r e g i o n  toward t h e  f r o n t  of 
t h e  c e l l .  
I n  view o f  t h e  q u a l i t a t i v e  agreement between t h e  t h e o r e t i c a l  and 
experimental  da t a  on t h e  degrada t ion  o f  s h o r t - c i r c u i t  c u r r e n t ,  t h e  
p r i n c i p a l  problem remaining i s  t h e  understanding of t h e  degrada t ion  of 
open c i r c u i t  v o l t a g e .  The i n s i g h t  gained by t h e  c a l c u l a t i o n s  of 7 
from Jonscher 's  express ion  f o r  s a t u r a t i o n  c u r r e n t  g e n e r a t i o n  i n  t h e  
space charge reg ion  from E q .  20  i s  s i g n i f i c a n t .  
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The computer solution indicates the optimum field thickness of a 
-6 cell having a residual lifetime of approximately 10 seconds to be some- 
where between 50 and 100 microns and an experimental substantiation is 
thus obtained. 
indeed possessed a residual lifetime of nearly 8 x 10 seconds, as 
predicted by the calculated equation. This becomes important consider- 
A cell which proved to be near optimum experimentally 
-7  
ing the dependence of open-circuit voltage retention on changes in 
I and A factor both of which are, in turn, dependent on minority car- 
rier lifetime. In view of these results, it is felt at this time that 
significant future insight can be gained by accurate measurements of 
solar cell characteristics before and after irradiation to determine 
Io, A factor and lifetime, both calculated and measured. 
in conjunction with future modifications and extensions to the solution 
of the continuity equation could be used to predict optimum field 
widths tailored to specific space mission requirements. 
0 
This data 
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7 .  RECOMMENDATIONS FOR FUTURE WORK 
I n  view o f  t h e  s i g n i f i c a n t  agreement between t h e  t h e o r e t i c a l  
c a l c u l a t i o n s  and t h e  e x p e r i m e n t a l  r e s u l t s  € o r  s h o r t - c i r c u i t  c u r r e n t  
d e g r a d a t i o n  p r e s e n t e d  above,  f u t u r e  work shou ld  i n c l u d e  more p o s i t i v e  
v e r i f i c a t i o n  o f  t h e s e  r e s u l t s  , e s p e c i a l l y  t h e  r e s o l u t i o n  of t h e  
optimum f i e l d  depth q u e s t i o n .  A f u r t h e r  r e s e a r c h  and development 
e f f o r t  i s  i n d i c a t e d  t o  p r o v i d e  i n f o r m a t i o n  and i n s i g h t  i n t o  t h e  
open c i r c u i t  v o l t a g e  d e g r a d a t i o n  problem. 
It i s  recommended t h a t  l o n g e r  range p l a n s  i n c l u d e  a n  unbalanced 
p i l o t  l i n e  program t o  a c q u i r e  r e a l i s t i c  p r o c e s s  y i e l d  f i g u r e s  and 
manufactur ing c o s t s  and t o  p r o v i d e  s t a t i s t i c a l  d a t a  as  a b a s i s  o f  
p r o j e c t i o n  of t h e  performance of  d r i f t  f i e l d  c e l l s  i n  t y p i c a l  n e a r -  
e a r t h  o r b i t s .  Experience ga ined  from t h e  p i l o t  l i n e  would a l s o  
p r e s e n t  a b a s i s  o f  p r e p a r a t i o n  of  complete  p r o c e s s  s p e c i f i c a t i o n s  
f o r  t h e  manufacture of t h e  c e l l s .  
I 
I 
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I 
I 
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